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Microbial-Host Dynamics and the Evolution of Nearshore Diversity in Hippocampus abdominalis 
by 
Jimiane Lee Ashe 
 
Advisor: Tony Wilson 
 Local adaptation is a fundamental concept at the core of evolutionary process. Devising means to 
break down larger concepts and systematically test internal mechanisms are key to understanding the 
driving forces behind the influence of environmental differences on biological systems. To understand 
dynamic processes in the natural world, we must strip away layers and confounding variables that may 
mask the signal we hope to understand. In this case seahorse species, Hippocampus abdominalis, or the 
pot-bellied seahorse, made an unlikely but ideal study system. The first layer to strip away was neutral 
genetic variation within the population. A multilocus genetic dataset composed of the mitochondrial 
control region and nuclear microsatellites revealed population structure throughout the species’ 
geographical range. Australian H. abdominalis colonized the South Island of New Zealand during the 
previous interglacial-glacial cycle between twelve and 120 Ka followed by population expansion and 
migration northward to the North Island of New Zealand. While the region is highly diverse with strong 
evidence of ancestral and contemporary connectivity, Australian populations demonstrated higher 
geographic structure, lower diversity and lower connectivity than New Zealand populations. 
Contemporary migration via rafting is thought to be responsible for low but significant dispersal in the 
direction of New Zealand to Australia. All contemporary population sizes were smaller than ancestral 
estimates throughout the range, suggesting the potential loss of rare alleles over time. By comparison, 
immune gene locus major histocompatibility class II  and  (MHII) had a similar level of diversity to 
neutral nuclear microsatellites with contrasting patterns of distribution across the species range. Specific 
MHII alleles correlated highly with particular microbes identified in the gut tract, which were derived 
from the environment. While gut microbial communities significantly differed by environmental types 
defined by terrestrial wastewater contributions from human activity (or a lack thereof), overall MHII 
 v 
population structure did not demonstrate the same pattern. Heterozygote advantage appeared to yield a 
stronger signal due to observed heterozygote excess at this locus than selection pressure from any 
particular microbe or microbial community. A subset of these microbial-host correlations within 
environmental types, however, followed expected patterns. Candidate microbes were selected for 
controlled exposure trials that were associated with alleles specific to urban human-associated nearshore 
environments (Photobacterium phosphoreum) or rural pristine-associated nearshore environments 
remote from any human activity including agriculture or aquaculture (Staphylococcus epidermidis). 
Supertyping analyses of all potentially expressed MHII cell surface proteins from wild populations 
identified 17 functionally similar gene clusters. Experimental populations of H. abdominalis fry were bred 
from captive adults carrying supertypes containing MHII alleles correlated with either of the two 
microbes. Overall, fitness and survival were higher after pristine-associated microbial exposure and lower 
after human-associated microbial exposure for the twenty genotypes vs. supertypes tested relative to the 
total range of growth observed over time. Two genotypes (one from each associated exposure condition) 
demonstrated increased fitness with one microbe over the other, and three genotypes (from the human-
associated exposure condition) demonstrated decreased fitness. Results from the mixed-effects 
treatment were highly variable among the genotypes, supporting the paradigm that these microbial-host 
relationships are influenced by microbe community and concentration in the natural environment. To 
further isolate important relationships and selection pressures between differing environments, these 
investigations can be repeated, additional microbes and genotypes can be tested, and eventually in situ 
transplant experiments can be conducted. Hopefully this research inspires further studies of non-model 
organisms or novel systems that can look at important scientific questions from new or different angles, 
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adaptive immunity acquired immunity; process of the adaptive immune system where 
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fixation index (FST) metric of population genetics measuring differences between sampled 
subgroups 
 
generalized linear model  statistical regression method using a continuous variable to predict a 
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Hippocampus abdominalis one of the largest of 46 accepted species within the genus 
Hippocampus; species range includes southeastern Australia, 
Tasmania and New Zealand 
 
local adaptation an evolutionary process where a population retains phenotypic traits 
that make them better-suited to a particular environment; genotypes 
coding for these traits increase in frequency within the population 
 
major histocompatibility suite of polymorphic genes that code for specialized cell surface 
proteins of the adaptive immune system typically presented on antigen 
presenting cells 
 
major histocompatibility class II class of adaptive immune system cell surface proteins that bind to 
extra-cellular antigens like microbial cell surfaces 
 
marine saltwater or ocean derived ecosystems 
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marine biogeography the study of geographic distribution of marine species and their habitats 
 
MHII abbreviation for the biologically active portions of the antigen-binding 
site of the MHII  subunit exon 2 and  subunit exon 2 
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microbiome community of microorganisms within a multicellular host; in this case the 
community of microbes inhabiting the seahorse gut tract 
 
microsatellites short tandem repeat motifs within non-coding regions of nuclear DNA 
 
migration sporadic event of dispersal; in this case unrelated to episodic 
movements associated with seasonal or environmental cycles 
 
mitochondrial control region non-coding region of the mitochondrial genome 
 
mixed-effects observations of fixed and random effects from an applied variable; in 
this case comparing results of dual microbe exposure to single microbe 
exposure treatments 
 
mortality death of an organism 
 
New Zealand terrestrial region of the Oceania continent in the Southern Hemisphere 
forming the eastern geographic range of H. abdominalis 
 
operational taxonomic units  phylogenetic method used to classify groups of closely related 
prokaryotic organisms 
 
population genetics the study of genetic variation within populations modeling changes of 
allele frequencies over space and time 
 
rafting mode of dispersal where marine organisms traverse large oceanic 
distances attached to floating mats of macroalgae 
 
selection pressure environmental agent producing differential fitness or mortality driving 
evolutionary processes within populations 
 
Southern Hemisphere the half of Earth south of the equator 
 
standard length  sum of the head length, trunk length, and tail length following the 
curvature of the trunk from the mid-cleithral ring to the last trunk ring 
 
supertyping analysis pipeline to identify portions of genetic sequences under 
positive selection, identify functional similarities between these 
sequences coding for antigen-binding sites, and cluster sequences 
using a discriminant analysis of principle components  
 
 xvi 
syngnathid seahorses, pipefish and seadragons; family Syngnathidae 
 
Tasman Sea a marginal sea in the South Pacific Ocean spanning the 2,000 km 
distance between Australia and New Zealand 
 
Wald's Z effective size estimates calculated from the slope divided by the 
standard error of quasibinomial GLM regression analyses 
 
wastewater water that has been used for anthropogenic activities and discarded into 
the environment; in this case discarded into nearshore marine 
environments 
 
West Wind Drift  Antarctic Circumpolar Current; ocean current in the Southern 
Hemisphere moving from west to east driven by prevailing western 
winds 
 
Z-scale  a set of five computed values assigned to define molecular properties of 
amino acids 
 
16S ribosomal RNA component of the small subunit of a prokaryotic ribosome; slow rate of 
evolution makes this locus effective for identifying prokaryotes at the 





 Local adaptation involves a complex array of environmental factors. Classic examples include 
Galápagos Island ground finches, which have evolved specialized bills to feed on seed types that differ 
among the islands, and Anolis lizards that have specialized to arboreal microhabitats, leading to speciation 
(Futuyma 1998). Lesser studied examples involve species interactions including the antagonistic 
coevolution of parasites with their hosts and symbiotic relationships of gut microbes improving metabolism 
and enhancing host immune protection (Li et al. 2008; Martiny et al. 2014). This work explored how host-
microbe interactions contributed to the process of selection and local adaptation of nearshore marine 
species, employing a series of investigations to describe neutral and non-neutral genetic variation and 
evaluated the effects of microbial communities and important constituents of those communities on the 
adaptive immunity of a widespread syngnathid, Hippocampus abdominalis (pot-bellied seahorse), 
throughout its geographical range. To this end, I proposed the following specific aims: 
1. To describe the biogeography of H. abdominalis using neutral microsatellite and 
mitochondrial control region (mtCR) genetic markers, and to predict patterns of diversity 
and distribution throughout its natural range.  
2. To identify adaptive population structure of H. abdominalis in wild populations using highly 
variable adaptive immune system genes and to correlate genetic structure with microbial 
communities in distinctive habitats across the New Zealand distribution of this species. 
3. To compare measures of fitness among individuals with unique immune genotypes 
following controlled microbial exposure in a laboratory in order setting to evaluate the 
relative fitness of immune complements dominant in wild populations. 
 Aim 1 addressed an important knowledge gap of relevance to the conservation and monitoring of 
a commercially and scientifically significant nearshore species of concern (Martin-Smith & Vincent 2006; 
Nickel & Cursons 2012). Aim 2 provided a test of the hypothesis of whether spatial variation in microbial 
communities influence the genetic diversity of their vertebrate hosts. Aim 3 provided an explicit test of 
associations between microbial composition and adaptive immune variation in wild populations under 
experimental conditions. My research advances the field of evolutionary biology by explicitly investigating 
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spatial variation in microbial communities as a unique, and poorly understood, source of environmental 
variation, and the role that this form of environmental heterogeneity has on the local adaptation of potential 
hosts (Dheilly et al. 2015; Fuhrman et al. 2015; Penczykowski et al. 2015). To advance myself as an early 
career scientist, I initiated collaborations with researchers in the United States, Australia and New Zealand, 
secured research funding, established new field collection sites, conducted those collections, and learned 
new laboratory techniques and data analyses. The results of my research may inform management 
practices for the pot-bellied seahorse, and help to develop new metrics for evaluating vulnerable and/or 
protected species. 
 The series of investigations described here explored interactions between microbial community 
composition and host immunological variation to explain local adaptation in a nearshore marine species. I 
suggested that characterizing microbial communities and correlating microbial variation with immune gene 
diversity represents a novel and tractable approach to the study of host-microbe interactions. 
 Although microbial community composition and diversity vary dramatically in aquatic environments 
throughout the world, spatial structure in microbial communities is evident (Rusch et al. 2007). Recent 
studies report differences between urban and rural sites influenced by terrestrial inputs (Neave et al. 2014; 
Mclellan et al. 2013; Layton et al. 2009). Nearshore marine animals come into regular contact with 
gammaproteobacteria associated with both human and animal fecal contamination, but bacterial levels 
differ between urban and rural environments (Neave et al. 2014). Human gut- and waste-associated 
microbes from the Firmicutes and betaproteobacteria families dominate in urban coastal environments 
impacted by untreated storm water and sewage carried in combined sewer overflows (CSOs; Neave et al. 
2014; Mclellan et al. 2013). These bacterial families are absent (Firmicutes) or rare (betaproteobacteria) in 
rural nearshore environments, where marine animals are exposed mainly to alphaproteobacteria, with low 
levels of acidobacteria and unclassified microorganisms associated with plants, soil and insects from 
differing sources of wastewater, groundwater, natural inputs and run-off (Neave et al. 2014), which show 
distinguishable evidence of fecal contamination from wild animals and livestock (Mclellan et al. 2013; Layton 
et al. 2009). 
 Biodiversity is typically assessed using two key metrics, alpha and beta diversity. Alpha diversity 
quantifies the total number of species found at a local scale, while beta diversity measures the difference 
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in species composition between two areas (Mittelbach 2012). These measures are useful for making 
diversity comparisons within and among locations. Urban sites typically exhibit lower alpha diversity than 
rural sites, whereas beta diversity appears to be high between urban and rural sites and low within each 
habitat type (Neave et al. 2014). 
 Traditionally, selection studies have focused on interactions between hosts and individual microbial 
isolates, but this strategy overlooks important interactions within communities, as simple two-species 
interactions of this sort are not common in nature (Dheilly et al. 2015; Thompson 1999). Microbes can affect 
hosts in very different ways both directly and indirectly depending on the presence of other organisms 
(Dheilly 2014), and community level effects are often evident (Dheilly et al. 2015). As such, it is important 
to first characterize microbial families and their relative abundance under natural conditions, as these form 
an important component of the natural environment of their hosts. Spatial variation in microbial communities 
over space and time can generate dynamic patterns of host-microbe selection, which may influence the 
potential for local host adaptation (Penczykowski et al. 2015). 
 A key function of the vertebrate adaptive immune system is the ability to identify and remember 
antigens encountered over an organism’s lifetime (Cooper & Alder 2006). The major histocompatibility (MH) 
complex plays an essential role in this system. Recognition of foreign material (antigens) occurs on 
specialized receptors encoded by the MH complex classes I and II.  MH complex class I genes are 
expressed on all cells and recognize intracellular antigens, while MH complex class II genes are expressed 
only on the surface of specialized antigen-presenting cells and recognize extracellular invaders like bacteria 
and parasites (Janeway et al. 2001). The MH class II system is composed of two linked genes, MHII, 
containing 4 exons, and MHII, containing 6 exons, which together form the biologically active MH class II 
molecule (Janeway et al. 2001). The MH class II peptide-binding region recognizes extracellular pathogens 
and bacterial fragments, and increased gene variation in the peptide-binding regions of both MHII and 
MHII allows the identification of a larger assortment of extracellular debris, leaving a host less susceptible 
to infections (Penn et al. 2002). 
 Seahorse species have a minimal MH class II system, and individuals carry only a single copy of 
each locus (Wilson et al. 2014) instead of the multiple loci found in most species (Flajnik et al. 1999). The 
bulk of nucleotide substitutions observed at MHII loci in H. abdominalis are non-synonymous, and show 
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evidence of strong positive selection (Wilson et al. 2014). The simplified structure of MHII and MHII in 
the seahorse makes this system ideal for the research proposed here. 
 Seahorses are also ideal for microbial-host investigations because of their limited dispersal 
capability (Foster & Vincent 2004) and wide geographic distribution (Nickel & Cursons 2012), characteristics 
that provide the opportunity for local adaptation to microbial communities. The spatial range of H. 
abdominalis includes southeastern Australia, Tasmania and New Zealand (Armstrong 2001), and this was 
the first study combining investigations from both countries. Previous investigations using six allozymes, 
the mitochondrial cytochrome b gene and morphological measurements in H. abdominalis support the 
existence of a single variable species across its geographic range (Armstrong 2001). Subsequent studies 
have found a lack of population structure among New Zealand seahorses using a panel of four microsatellite 
markers (Nickel & Cursons 2012), but significant structure among Tasmanian populations and between 
Australia and Tasmania using these same markers (Wilson & Martin-Smith, unpublished data). 
Questions and Hypotheses 
 I devised a series of hypotheses and investigations to address a central question: Does spatial 
variation in microbial communities influence local adaptation in the H. abdominalis model system? 
1. What is neutral genetic diversity of H. abdominalis across its geographic range? I predicted 
high genetic differentiation at nuclear microsatellite loci between Australia and New Zealand due 
to the colonization history of the region, and moderate differentiation at sites within each country 
following a pattern of isolation by distance (Armstrong 2001). I predicted significant genetic 
structure among sampling sites based on the mtCR, again due to isolation-by-distance. 
2. Can discernable patterns of host-microbe associations be found? 
a. What is the pattern of genetic variation of MH class II loci in H. abdominalis 
inhabiting rural and urban environments? Spatial structure at adaptive immune loci was 
expected to be pronounced relative to neutral markers (Hambuch & Lacey 2002; Wegner 
et al. 2003; Aguilar et al. 2004). FST values for pairwise tests of genetic diversity between 
urban and rural sites would be larger than those within either group, indicating a difference 
in the dominant MH alleles in the two environments. Functionally important immune system 
MH loci were expected to show pronounced spatial structure that correlates with microbial 
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diversity in their local habitat. Specific MHII alleles dominant in urban environments would 
be less prevalent in rural environments, and vice versa, reflecting immune adaptation to 
the local microbial community. 
b. How does microbial community structure vary across environments inhabited by H. 
abdominalis? My study focused on comparing urban coastal environments and those 
relatively isolated from human impacts, as these habitats have been shown to exhibit 
pronounced differences at the microbial level (Neave et al. 2014), providing a powerful test 
of my central hypothesis. Urban microbial communities were predicted to have a reduced 
diversity of microbial species, dominated by a small number of human gut-associated and 
nitrogen oxidizing bacterial families (Neave et al. 2014). Rural microbial communities are 
expected to have higher alpha diversity than urban sites and be dominated by soil-, plant-, 
insect- and animal gut-associated families, and may show evidence of agricultural run-off 
from either crops and/or livestock (McLellan et al. 2013). Urban and rural environments are 
expected to exhibit a limited subset of overlapping microbe families, i.e., high beta diversity, 
consistent with their status as unique microbial environments. 
3. Do constituents of microbial communities impose selection pressure in H. abdominalis in a 
controlled setting? In laboratory trials, H. abdominalis were experimentally challenged with 
microbes that show strong associations with MH alleles predominant in urban and rural 
environments. Individuals with the highest fitness after exposure to microbes isolated from urban 
and rural environments are predicted to carry MH alleles associated with these microbes in the 
natural environment. Experimentally varied exposure to potentially parasitic or beneficial 
constituencies has the capacity to impose selection pressure leading to rapid adaptive evolutionary 
changes in populations (Eizaguirre et al. 2012). 
In Chapter 2 of this thesis, I assessed neutral population genetic structure and diversity for H. 
abdominalis across its geographic range using nuclear microsatellites and the mtCR. This study was 
necessary to determine the population history and diversity of H. abdominalis, present-day effective 
population sizes, and historical patterns of migration and colonization within and across Australia and New 
Zealand. This investigation provided an important baseline of neutral genetic diversity in order to test the 
 6 
relationship between adaptive immune diversity and microbial community structure articulated in the 
chapters following. This chapter addressed specific aim 1. 
For Chapter 3, I was primarily interested in patterns of selection in wild populations influenced by 
spatially variable microbial communities. The highly variable peptide-binding region of MHII and MHII 
was selected to evaluate genetic differences among H. abdominalis populations inhabiting urban and rural 
habitats across its geographic range of Australia and New Zealand. This chapter first addressed specific 
aim 2 and hypothesis 2.a. Characterization of microbial communities from urban and rural habitats inhabited 
by H. abdominalis addressed specific aim 2 and hypothesis 2.b. These data were used to test for spatial 
variation in microbial composition and to test for associations between microbial constituents and specific 
MH alleles, which would provide indirect evidence of microbe-mediated local adaptation. As discussed 
above, distinctive microbial communities were expected based on proximity to human activities. These 
host-microbe associations focused on the microbial variation among H. abdominalis habitats in New 
Zealand. 
Chapter 4 addressed specific aim 3, and was aimed at an explicit test of fitness benefits associated 
with MH genotypes dominant at field sites. Insights gained in this chapter identified statistically significant 
associations between fitness and specific MH genotypes after exposure to associated microbes. To this 
end, an experimental population of H. abdominals associated MHII genotypes in wild populations were 
challenged with microbes specific to urban or rural nearshore environments, and the effects of MH genotype 
on growth and survival were measured. Interactions among a suite of microbes may be responsible for 
selection of predominant MH alleles in wild populations, a condition that would be difficult to emulate in 
controlled experiments. Microorganisms from a larger community that show a positive association with MHII 
genotypes may affect the host differently upon isolated exposure (Dheilly 2014). Incorporating more than 
one microbial OTU in experimental exposure conditions was important. These findings indicated whether 
additional experiments testing the effects of a complex of MH-correlated microbes from the same 
environment would be informative.  
 This research represents an exceptional opportunity to establish the selective basis of correlational 
patterns of MH genotype and microbial community diversity in a natural system. If the outcome of this 
experiment supported the dominant microbe-MH allele hypothesis, these results would firmly establish 
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microbial community diversity as an important driver of local adaptation in nature, and open the door for 
similar investigations in other model systems. Based on preliminary data and previous research (Armstrong 
2001; Wegner et al. 2003; Wilson et al. 2014), I expected H. abdominalis MH immune genes would be 
highly variable and adapted to the microbial communities found in the local environment. Preliminary data 
indicated high levels of MH and neutral diversity in seahorse populations, and detailed analyses of these 
data allowed me to 1) test for differences between neutral and functional genetic diversity; 2) investigate 
statistical associations of microbial community diversity and MH genotype variation; and 3) evaluate the 
fitness effects of microbes isolated from the natural environment on individual survival and growth. The 
clarification of the spatial and genetic distribution H. abdominalis provided much needed basic data on this 
species (Chapter 2), while the analyses of associations between host genetic diversity and microbial 
communities (Chapter 3) and highly correlated constituents (Chapter 4) addressed questions of broad 




Navigating the southern seas with small fins: Genetic connectivity of seahorses (Hippocampus 




 Historical patterns of ocean circulation in the Southern Hemisphere have been well studied, but 
the effects of coastal oceanography on marine biogeography in this region remain poorly understood 
relative to northern latitudes. Our study investigates historical and contemporary patterns of migration and 
dispersal across the Tasman Sea. Coastal regions of the Tasman Sea including southeastern Australia, 
Tasmania and New Zealand. Hippocampus abdominalis, the pot-bellied seahorse, one of the most 
broadly distributed seahorse species, and the only seahorse to have successfully colonized New Zealand 
from Australia across 2,000 km of open ocean. We used a multilocus genetic dataset to measure 
population diversity and differentiation from seahorses across the full species range to investigate 
contemporary and historical demography, and to reconstruct colonization routes across the Tasman Sea. 
Genetic data indicate that seahorses colonized New Zealand from Australia during the previous 
interglacial-glacial cycle (12,000-120,000 ybp), and have evolved in relative isolation since the initial 
establishment event. Contemporary effective population sizes in the newly colonized range are 
substantially larger than those inferred in Australia, and both appear to be reduced relative to ancestral 
levels. Australian seahorses are genetically diverse and show high levels of population connectivity, while 
the distribution of genetic variation in New Zealand suggests an initial colonization of the South Island 
followed by northward migration. Importantly, despite clear evidence that New Zealand seahorses are 
descendent from Australian ancestors, patterns of contemporary genetic diversity are consistent with 
trans-Tasman migration from New Zealand to Australia, suggesting that genetic variation accumulated in 
the newly colonized range is contributing to the genetic diversity of Australian seahorses. Despite a 
 
*Ashe JL, Wilson AB (2020) Navigating the southern seas with small fins: Genetic connectivity of 
seahorses (Hippocampus abdominalis) across the Tasman Sea. Journal of Biogeography, 
47, 207–219. 
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largely independent evolutionary trajectory of seahorses separated by the Tasman Sea, haplotype 
sharing between populations in Australia and New Zealand suggests that secondary genetic exchange is 
contributing to the contemporary phylogeography of the species. Patterns of genetic structure in H. 
abdominalis mirror those found in other rafting species, suggesting that adult dispersal via rafting has 




 Species range expansions in the sea require a fortuitous combination of processes, involving 
dispersal from the site of origin, successful establishment of a viable, reproductive population in the newly 
colonized habitat, and expansion into the new range (Luiz et al. 2012). While biogeography in southern 
hemisphere marine organisms has been shaped by mechanisms similar to those observed in the north, 
climate and oceanographic processes have followed opposing directions and magnitudes and 
asynchronous timing relative to northern latitudes (Pelejero et al. 2006; Lang & Wolff 2011; Putnam et al. 
2012). Marine phylogeography has been frequently linked to significant oceanographic events in the 
northern hemisphere, but we still have a poor understanding of the factors that have shaped species 
distributions and genetic diversity in southern species, and whether physical differences between the 
northern and southern hemispheres can explain differences in organismal diversity (Waters 2008; Briggs 
& Bowen 2012, 2013). Evidence is accumulating refuting a simple “bipolar seesaw mechanism”, in which 
glacial and interglacial events of the southern hemisphere are simply mirrored from preceding northern 
hemispheric events (Pedro et al. 2018).  
 The Tasman Sea, a marginal sea of the southern Pacific (Figure 2.1), is defined by two major 
current systems connecting Australia and New Zealand: the Tasman Front (TF) in the north and the 
Subtropical Front (STF) in the south (Chiswell et al. 2015). Both are strongly influenced by the West Wind 
Drift (WWD), a clockwise Antarctic circumpolar circulation pattern driven by westerly winds (Waters 
2008). The TF serves as the boundary between the warm tropical Coral Sea and cool subtropical Tasman 
Sea, forming a complex pattern of currents and eddies flowing mainly south and/or east influenced by the 
southward East Australian Current and regional seafloor topography, while the STF is a strong oceanic 
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current separating warmer subtropical and cooler sub-Antarctic waters flowing south of Tasmania and 
south and east of New Zealand’s South Island (Figure 2.1). Sea current strength and latitudinal position of 
both features have varied significantly since the formation of the Tasman Sea 65 Ma (Martínez 1994; 
Colgan 2016), and circulation has been influenced by glacial cycling, reaching a maximum during glacial 
maxima (Hayward et al. 2012). 
 The Tasman Sea is thought to limit genetic connectivity between Australia and New Zealand, but 
a complex and dynamic system of sea surface and deep-water currents have intermittently facilitated 
gene flow across this 2,000 km distance over the past 400,000 years (Wallis & Trewick 2009; Briggs & 
Bowen 2013). Because of the prominent eastward circulation of the major currents of the Tasman Sea, 
species dispersal is often presumed to have occurred from Australia to New Zealand, a phenomenon 
termed the West Wind Drift hypothesis (Waters 2008). Somewhat surprisingly, phylogeographic analyses 
of Tasman taxa have focused almost exclusively on marine invertebrates and buoyant macroalgae (e.g. 
Fraser et al. 2009; Cumming et al. 2014, 2016; Wallis & Jorge 2018; Pfaller et al. 2019), despite the fact 
that ca. 30% of New Zealand’s inshore fish species are also found in Australia (Waters 2008). As marine 
life histories differ dramatically across taxa in terms of larval dispersal, size of home ranges, and levels of 
adult movement (Palumbi 1994; Weersing & Toonen 2009), phylogeographic structure may differ 
substantially among groups. 
 Genetic data indicate that New Zealand has also sometimes served as a source for colonists to 
Tasmania and mainland Australia via trans-Tasman rafting or stepping-stone dispersal across islands in 
the Southern Ocean (Sanmartín & Ronquist 2004; Wallis & Trewick 2009; Donald et al. 2015), seemingly 
in opposition to the WWD. Records of rafting organisms in the southern ocean separated by thousands of 
kilometres from their point of origin suggest that marine organisms may sometimes be able to cross major 
oceanic fronts by rafting to colonize environments far outside their historical range (Thiel & Haye 2006; 
Fraser et al. 2018). Identifying genetic connections between contemporary populations could shed light 
on unconventional migration patterns confounding a WWD hypothesis. 
 Hippocampus abdominalis, the pot-bellied seahorse, is a nearshore marine species distributed 
throughout New Zealand and southeast Australia, including Tasmania (Nickel & Cursons 2012). While 
most seahorses have limited dispersal capability, H. abdominalis undergoes a 1-2 week pelagic stage 
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that may enhance population connectivity (Woods 2000). Similar to other seahorses, H. abdominalis also 
has a prehensile tail that can serve dual purposes in terms of migration: it can be used for grasping 
holdfasts to prevent translocation during storms or strong currents, and may enhance long-distance 
dispersal via rafting (Teske et al. 2004; Lourie et al. 2005). Hippocampus abdominalis is commonly found 
among complex assemblages of Macrocystis pyrifera, Carpophyllum and Sargassum (Kingsford 1992; 
Woods 2002), and M. pyrifera-dominant rafts are both abundant and important for long-distance dispersal 
in the Southern Ocean (Smith 2002; Thiel & Gutow 2005). 
 A wide array of morphological variation in snout length, standard length, head filaments, 
coloration and patterns have been observed in H. abdominalis across the Tasman region (Armstrong 
2001; Nickel 2009), and researchers have long debated whether New Zealand and Australian populations 
represent separate species (Lesson, 1827; Kuiter, 2001; Lourie et al., 2004). Successive studies involving 
morphological and genetic data support the presence of a single highly-variable species (Armstrong 
2001; Nickel & Cursons 2012), but these studies have been performed regionally, with few representative 
specimens from the broader range, and have been unable to conclusively address the phylogenetic and 
demographic history of seahorses across the Tasman Sea. 
 With its trans-Tasman distribution, H. abdominalis provides an excellent opportunity to explore 
marine dispersal in a coastal species with limited motility. Because of the prominence of the WWD and 
the extensive distances separating Australia and New Zealand, we hypothesize that H. abdominalis 
originated in Australia and dispersed across the Tasman Sea to New Zealand, where it has evolved in 
isolation since its establishment. Using a comprehensive sample of specimens from across the species 
range in mainland Australia, Tasmania and New Zealand, we evaluate the contemporary population 
structure of H. abdominalis using a multilocus molecular dataset, and use these data to reconstruct 
historical phylogeography, population sizes and patterns of migration, in an effort to determine the pattern 
of colonization and spread of seahorses across the region. We compare data from H. abdominalis to 
other trans-Tasman species, shedding light on how dominant oceanographic features in the Tasman Sea 
have influenced the historical and contemporary connectivity of its coastal inhabitants. 
 
2.2 MATERIALS AND METHODS 
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2.2.1 Sample collection 
 Fin clips of adult H. abdominalis were collected from ten locations throughout Australia and New 
Zealand between 2003 and 2008 (Figure 2.1). One site in southeastern Australia near Sydney (SY) and 
two Tasmanian sites in Northwest Bay (NB) and the Derwent Estuary (DE) were sampled in 2003 (Wilson 
& Martin-Smith, 2007), while a southern Australian population from the Spencer Gulf near Adelaide (AD) 
was collected in 2007. The remaining 80 samples were collected in 2008 from four coastal sites around 
the North Island of New Zealand, Tauranga (TA), Raglan (RA), Napier (NA) and Wellington (WE), and two 
sites on the South Island, Christchurch (CC) and Stewart Island (SI), located 30 km off the southern coast 
(Nickel & Cursons 2012). Sample numbers and GPS coordinates are provided in Table 2.1 (see Figure 
2.1 legend for site abbreviations). Collection protocols, ethics approval, and morphological information for 
these animals have been published elsewhere (Nickel & Cursons, 2012; Wilson & Martin-Smith, 2007); 
no animals were sacrificed for this study. Extracted DNA and/or fin clips of seahorses were imported 
under CITES permit CH005. Genomic DNA was extracted from fin clips using DNeasy columns (Qiagen, 
Hilden, Germany) or standard Tris-SDS-lithium chloride chloroform extractions, and diluted in TE buffer to 
working concentrations of 2-8 ng/l. 
 
2.2.2 Mitochondrial DNA sequencing 
 An 814 base pair (bp) section of the mitochondrial cytochrome b gene (cytb) was PCR-amplified 
in 3-5 individuals per site for phylogenetic comparisons within the Hippocampus genus using shf and shr2 
primers (Lourie & Vincent 2004; Nickel & Cursons 2012). A 404 bp fragment of the mitochondrial control 
region (mtCR) was amplified for all samples with tRNA ThrF (5’-AGAGCGCCGGTCTTGTAAACCG-3’) 
and tRNA PheR primers (5’-GCTTTCGGAACTTTCTAGGGC-3’). PCRs were carried out in 25 l volumes 
with 1 unit of EconoTaq (Lucigen), 1X reaction buffer, 1 mM MgCl2, 0.4 mM dNTPs, 0.4 M forward and 
reverse primer, and 4-32 ng genomic DNA. Thermal cycling parameters included an initial 94C 
denaturation (3 min) followed by 40 cycles of 94C denaturation (30 sec), 50C annealing (30 sec), and 
72C extension (1 min) with a final 72C extension (5 min). Ten l of unpurified PCR product was 
provided to an external sequencing facility for purification and Sanger sequencing (Genewiz, South 
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Plainfield, New Jersey). Sequences were aligned in Geneious v6.0.6 (http://www.geneious.com, Kearse 
et al. 2012). Our haplotype numbering convention for mtCR follows Nickel & Cursons (2012), who 
identified fourteen mtCR haplotypes in a previous survey of New Zealand seahorses (Haplotypes 01-14).  
 
2.2.3 Microsatellite amplification 
 Four previously-published dinucleotide microsatellite loci were initially considered for genetic 
analysis (Wilson & Martin-Smith, 2007). Following poor PCR amplification of several loci across portions 
of the species range, only Habd3 was retained. Twenty additional tri- and tetranucleotide microsatellite 
loci were identified from a transcriptome screen of H. abdominalis (Wilson & Stolting, unpublished data). 
Eleven of these loci were invariable, and one additional locus could not be optimized. Our final dataset for 
population analysis included one tetranucleotide (Habd21), three trinucleotides (Habd25, Habd28 and 
Habd29) and five dinucleotides (Habd3, Habd13, Habd14, Habd15 and Habd20). 
 Multilocus microsatellite PCRs were carried out in 10 l volumes with 1X multiplex PCR master 
mix (Qiagen), 0.2 M of primer mix (see below) and 4-16 ng genomic DNA. Multiplex PCRs were carried 
out for all samples in two multiplex master mix reactions using 40 cycles at 53C (Habd14, Habd15, 
Habd20, Habd21, Habd25, Habd28 and Habd29) and 60C (Habd3 and Habd13) annealing 
temperatures. Thermal cycling protocols were performed in an MJ DNA Engine Tetrad machine (MJ 
Research Inc., Bio-Rad Laboratories, Hercules, California). 
 Multiplexed PCR products were diluted 1:2, and 4 l of diluted product was added to 0.09 l 
GeneScan 500 LIZ standard and 9.91 µl of HiDi Formamide for genotyping on an ABI 3730XL automated 
sequencer (Applied Biosystems, Thermo Fisher Scientific, Foster City, California). Fragment sizes were 
scored by GeneMapper v4.0 (Applied Biosystems) and verified manually. 
 
2.2.4 Statistical analyses 
2.2.4.1 Mitochondrial DNA 
 Sequences for 25 Hippocampus species were combined with the 10 New Zealand and 7 
Australian cytb haplotypes obtained for this study, using pygmy seahorse species H. bargibanti, H. denise 
and H. pontohi as outgroups (e.g.,  Hamilton et al. 2017). HKY85+I+ was selected as the best model for 
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phylogenetic analyses by jModeltest v2.1.3 using the corrected Akaike Information Criteria (Guindon & 
Gascuel 2003; Darriba et al. 2012). The PhyML plugin in Geneious was used to generate a maximum 
likelihood tree using parameters estimated by jModeltest, optimizing tree topology, branch length and 
substitution rates using the best topology search method and 1000 bootstrap replicates. 
 jModelTest selected Tamura and Nei as the closest best-fit model out of 88 possible models for 
downstream analyses of the mtCR locus. Inter- and intrapopulation genetic diversity indices for mtCR 
were calculated in Arlequin v3.5.2.1 (Excoffier & Lischer 2010). An analysis of molecular variance 
(AMOVA) was performed with 103 permutations to determine the global fixation index (FST). Population 
pairwise estimates of molecular distance based on conventional FST and ST (an analog for haplotypic 
sequence data) were carried out with 102 permutations and 2x104 bootstrap replicates to assess 
population structure. For regional analyses, AD, DE, NB and SY formed the Australian group (AU), and 
CC, NA, RA, SI, TA and WE formed the New Zealand group (NZ). Haplotype and nucleotide diversity 
statistics were generated for all samples and for each locality in DnaSP v5.10.1 (Librado & Rozas 2009), 
excluding alignment gaps. Rarefaction was used to calculate standardized haplotypic richness using the 
R package ‘PopGenReport’ (El Mousadik & Petit 1996; Adamack & Gruber 2014). Pairwise comparison 
significance tests were adjusted using the sequential Bonferroni method (Rice 1989). 
 A haplotype network based on most parsimonious genealogical relationships between mtCR 
haplotypes was constructed in TCS v1.21 with a maximum connection limit of 95% confidence and gaps 
treated as a fifth state (Clement et al. 2000). The network was visualized in yEd Graph Editor v3.14 
(yWorks, Tübingen, Germany). 
 
2.2.4.2 Microsatellites 
 STRUCTURE v2.3.3 was used to infer the number of population clusters from the microsatellite 
data without considering geographic information (Pritchard et al. 2000). A burn-in of 3x104 MCMC 
iterations was followed by 106 MCMC iterations to determine K (population number) under an admixture 
model, allowing independent allele frequencies. This procedure was repeated for a potential K=1 through 
K=13 populations. Selection of K was validated using the K metric (Evanno et al. 2005) based on 20 
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replicates for each K, with both correlated and independent allele frequencies for admixed populations 
(Figure 2.2).  
 Arlequin v3.5.2.1 was used to calculate inter- and intrapopulation allelic averages and richness, 
heterozygosity indices, AMOVA, and FST population pairwise estimates for microsatellites. Fisher’s exact 
tests were carried out to determine if populations were in Hardy-Weinberg equilibrium (106 Markov chain 
steps, 105 dememorization steps; Guo & Thompson 1992). A linkage disequilibrium test was also 
performed (104 permutations). FST can potentially fail to yield accurate measures of subpopulation 
differentiation in the case of high allelic diversity (Jost 2008), and pairwise Dest values were also 
calculated for all sample pairs in GenAlEx v6.5 with 105 permutations (Peakall & Smouse 2012).  
 Isolation-by-distance within regions was evaluated using a Mantel test comparing matrices of 
population pairwise microsatellite Dest estimates to coastline distances (or the shortest linear distance 
between locations not separated by a coastline) using the R package ‘adegenet’ (v2.1.1) with 1000 
permutations (Jombart et al. 2018). All R analyses described here were performed in the R software 
environment (v3.2.3; R Core Team 2015; RStudio Team 2015). 
 
2.2.4.3 Demographic Inference 
 Analyses of historic demographic parameters were conducted using IMa2 (release date August 
27, 2012; Hey & Nielsen 2007; Hey 2010a) with a composite dataset of mtCR and nuclear microsatellites. 
IMa2 estimates six demographic parameters for population pairs: two descendent and one ancestral 
population sizes (0, 1 and 2), two migration rates (m0 and m1), and the population splitting time (t). The 
population size parameter  = 4Nu, where N is the effective population size and u is estimated mutation 
rate. An HKY model of sequence evolution was used for the mtCR locus, and the stepwise mutation 
model (SSM) was employed for microsatellite loci. Preliminary runs of 3-10x106 steps were conducted to 
evaluate Markov chain Monte Carlo (MCMC) mixing and upper bounds of model parameter priors. 
Analysis priors were chosen based on parameter peaks within the MCMC sampled space of these 
preliminary runs.  
 Twenty-six population pair comparisons were chosen for analysis based on putative hydrological 
connections/barriers and preliminary results. Maximum priors were set at =120, m=12 and t=3 for all 
 16 
comparisons. Parameter estimates were converted to demographic values using IMa2’s mutation rate 
scalar estimate for the mtCR, a syngnathid mtCR mutation rate of 2.58%/Ma (Wilson & Eigenmann 
Veraguth 2010), and a generation time of one year (Teske et al. 2003). Initial runs of 6x105 MCMC steps 
were conducted as a burn-in to achieve stationarity for each population comparison, using 80 Metropolis-
coupled chains (geometric model), with 0.95 first and 0.50 second heating parameters and eight chain-
swap attempts per step. These initial runs were used as the starting state for ten additional independent 
runs starting from different random number seeds with 3x105 burn-in steps and 106 run steps (e.g., 
Grosser et al. 2015). Individual runs were combined for statistical analysis, resulting in a total of one 
million genealogies per comparison. Mixing quality of runs was evaluated by effective sample size (ESS) 
estimates, chain swap rates, equilibration of likelihood plot parameter trend lines, and equivalent values 
for parameter set rates. Graphical representations of population histories were generated in IMFig (Hey 





2.3.1 Mitochondrial analyses 
 Hippocampus abdominalis was found to form a monophyletic clade within Hippocampus, and 
New Zealand seahorses formed a monophyletic clade nested within Australian H. abdominalis haplotypes 
with strong support (100 and 97.1 bootstrap support respectively; Figure 2.3). Strong support was also 
found for a sister group relationship between H. abdominalis and H. breviceps (e.g. Casey et al. 2004; 
Teske et al. 2004), which formed an independent evolutionary lineage separate from the other Australian 
species with overlapping geographic distributions (e.g. H. histrix and H. whitei). The backbone of the 
Hippocampus phylogeny was poorly resolved in this analysis (see also Boehm et al., 2013; Casey et al., 
2004; Nickel & Cursons, 2012; Teske et al., 2004), but major groupings were consistent with previous 
publications.  
 MtCR sequences were obtained for 174 H. abdominalis individuals. Eight of fourteen previously 
published haplotypes (Accession numbers HQ322655, HQ322656, HQ322659, HQ322661, HQ322662, 
 17 
HQ322666, HQ322667 and HQ322668; Nickel & Cursons 2012) and 29 new haplotypes were recovered. 
Global and individual site mtCR haplotype statistics are included in Table 2.1. 
 A haplotype network constructed from mtCR data revealed a clear separation between Australian 
and New Zealand populations, with only three of 37 haplotypes shared across the Tasman Sea (Figure 
2.1). Australian populations at SY and NB both included a single individual carrying a haplotype (#12) 
common in New Zealand seahorses. Similarly, an individual from southern New Zealand (SI) carried a 
haplotype (#15) found throughout Australia. Haplotype #05 was shared between one individual from AD 
(Australia) and two from CC (New Zealand). While haplotype #02 was nestled within the Australian 
portion of the network, it was only recovered in New Zealand seahorses found at TA and SI. 
One of the two Tasmanian populations (NB) was dominated by a single haplotype (#39) that was 
otherwise rare across the species range (Figure 2.1). Five haplotypes private to a single population were 
found in Australia (at SY, DE and AD) while eighteen private haplotypes were detected in New Zealand, 
with RA on the North Island home to the highest number of private haplotypes (11). NB was the only site 
at which no private haplotypes were found, and had the lowest overall level of mtCR diversity (Table 2.1). 
 AMOVA analyses supported the patterns shown in Figure 2.1. A global mtCR ST of 0.66 
(p<0.001) was found, with the majority of variation (55.4%) separating Australia and New Zealand and 
33.9% of variation found within populations. The smallest amount of variation was found between 
populations within each region (10.7%). Pairwise comparisons of ST and FST for nearest-neighbor 
populations are shown in Figure 2.4 and are reported for all populations in Table 2.2. New Zealand 
populations showed low population subdivision (mean ST=0.052), with the southern New Zealand SI site 
showing moderate genetic isolation from CC, RA and WE (ST:0.132-0.164; Table 2.2). MtCR population 
structure was more pronounced among Australian populations (mean ST=0.272), a pattern driven by 
strong population subdivision between NB and the other three Australian sites (ST>0.35, p<0.01 for all 
comparisons; Table 2.2) Pairwise differences between Australian and New Zealand populations were 
substantially higher (mean ST=0.628, all comparisons p<0.01, Table 2.2). 
 
2.3.2 Microsatellite analyses 
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 Nine microsatellite loci were analyzed for 169 individuals, with 7-28 alleles observed per locus. 
Table 2.1 includes summary statistics for all loci, including observed and expected heterozygosity 
estimates. Significant linkage disequilibrium was not detected between any loci following sequential 
Bonferroni correction. Population-level deviations from Hardy-Weinberg equilibrium were detected at 
locus Habd13 for AD and Habd03 for NB and RA. 
 The average number of microsatellite alleles per population ranged from 6.6 in TA to 9.9 in RA 
(Table 2.1). Lower than average allelic richness after rarefaction (Ar) was found in DE, NB and SY 
populations in Australia and TA in New Zealand (Table 2.1). The highest allelic richness was found in RA 
and WE (New Zealand) and AD (Australia), consistent with the high mtCR diversity found at these sites. 
 Global FST for microsatellites was small but significant (FST=0.064; p<0.001). Genetic differences 
between Australia and New Zealand accounted for only 3.2% of variation, with 3.1% of variation between 
populations within each region. The largest proportion of variation was found within populations at 93.6%, 
consistent with the higher rate of mutation at microsatellite loci relative to mitochondrial DNA (Page & 
Holmes 1998). Estimates of FST and Dest were consistent for microsatellites, with significant differences 
found for 32 (FST) and 35 (Dest) of 45 pairwise population comparisons after sequential Bonferroni 
correction (Table 2.2). Values for nearest-neighbor populations are reported in Figure 2.4, and all data 
are shown in Table 2.2. Microsatellite data were congruent with broad patterns of population structure 
inferred from mtDNA, with stronger population structure in Australia (mean Dest=0.222), relative to New 
Zealand (mean Dest=0.094; Table 2.2). Dest pairwise comparisons between populations separated by the 
Tasman Sea indicated significant divergence between Australian and New Zealand seahorses (mean 
Dest=0.294).  
 STRUCTURE analyses showed highest support for the presence of K=3 populations (Figure 2.2), 
with one population represented by the Tasmanian populations (NB, DE) and Sydney (SY), a second 
composed of the majority of New Zealand sites, and a third including individuals from both southern 
Australia (AD) and southern New Zealand (SI; Figure 2.4). Clear population structure is evident between 
AD and the rest of Australia and between Australia and New Zealand in this analysis (Figure 2.4).  
 As the Tasman Sea is clearly a significant barrier to gene flow between Australia and New 
Zealand (Figures 2.1, 2.4), tests of isolation-by-distance were limited to intraregional comparisons (e.g., 
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Meirmans 2012). Australian populations show a clear signal of isolation-by-distance (rm=0.736, p=0.043), 
while no significant pattern of isolation-by-distance was detected across New Zealand sites (rm=0.223, 
p=0.214; Figure 2.5).  
 
2.3.3 Demographic Estimates 
 Demographic estimates for key population comparisons within and between Australia and New 
Zealand are represented graphically in Figure 2.6, and results for all pairwise comparisons are included in 
Table 2.3. While parameter estimates are broad, striking differences are evident in the distribution of 
intra- and interregional genetic diversity. Divergence time estimates among Australian populations (mean 
HPD: 9,045 years) are younger than those found in New Zealand (mean HPD: 32,298 years; Table 2.3). 
Divergence times between populations spanning the Tasman Sea are older (mean HPD: 74,054 years), 
consistent with the initial colonization of New Zealand by seahorses during the previous interglacial-
glacial cycle (12,000-120,000 ybp; Petit et al. 1999).  
 The effective population sizes of New Zealand’s seahorses are an order of magnitude greater 
than those found in Australia (Figure 2.6; Table 2.3), a pattern reflected in the higher genetic diversity and 
number of private haplotypes found at New Zealand sites (Table 2.1). Contemporary population sizes in 
both regions are less than those inferred for ancestral populations (Figure 2.6; Table 2.3), suggesting 
population declines from historical levels. 
 Despite compelling genetic evidence that New Zealand seahorses are the product of a 
colonization event from Australia (Figure 2.3), genetic evidence of trans-Tasman migration suggests that 
contemporary migration is in the direction of New Zealand to Australia (Table 2.3). After controlling for 
multiple comparisons, only a single instance of trans-Tasman migration remained significant, between RA 
and SY at the northern limit of the species range (Figure 2.4). Demographic parameter estimates 
including effective population sizes, migration rates and divergence times are consistent with those 
calculated with the mtDNA dataset alone, but are more precise given the use of a multi-locus genetic 





 While regional studies have documented the phylogeography of marine organisms within 
Australia and New Zealand, surprisingly few studies have been conducted for species spanning both 
regions, limiting our understanding of the historical biogeography of the Tasman Sea (Wallis & Jorge 
2018). Our data support the existence of a single species of H. abdominalis and suggest that New 
Zealand was colonized by Australian seahorses during the previous interglacial-glacial cycle (12,000-
120,000 ybp; Petit et al. 1999). While demographic parameter estimates are broad and limit our ability to 
link colonization to a specific oceanographic event, phylogenetic analyses support a species origin in 
Australia with a single colonization event to New Zealand, followed by subsequent expansion along the 
New Zealand coastline. Intriguingly, evidence of modest, but significant contemporary gene flow of H. 
abdominalis across the Tasman Sea from New Zealand to Australia was found, suggesting that genetic 
diversity accumulated in the newly colonized range may be contributing to Australian populations (see 
below). 
 
2.4.1 Genetic Connectivity 
 New Zealand cytb sequences form a single well-supported clade nested within Australian 
sequences (Figure 2.3). These data support an H. abdominalis species origin in Australia, with restricted 
gene flow between Australia and New Zealand post-colonization.  
 Similar to the pattern observed at the cytb locus, mtCR data reveal a clear separation between 
Australia and New Zealand haplotype groups. High levels of mtCR divergence between Australian and 
New Zealand populations are consistent with a long period of regional isolation.  
 Microsatellites show similarly pronounced structure between Australia and New Zealand, and 
New Zealand sites form a single panmictic population based on our STRUCTURE analysis. Overall, New 
Zealand has lower interpopulation genetic divergence and higher allelic/haplotypic richness than 
Australia, evidence of a geographic expansion following the colonization of this region. 
 The distribution of genetic variation within regions is somewhat more complex, and may reflect 
differences in the mutation rates of the two marker systems. NB was found to be highly divergent from all 
other Australian populations at mtCR, but was genetically indistinguishable from the other Tasmanian 
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population (DE) at microsatellite loci. Conversely, seahorses from southern Australia (AD) showed limited 
mtCR divergence from the other mainland Australian site (SY) and one of the two Tasmanian populations 
(DE), but were highly divergent at nuclear microsatellites. Interestingly, Kuiter (2001) suggested that 
southern Australian and Tasmanian seahorses may represent separate species. While our genetic data 
do not support his hypothesis, they do suggest a complex pattern of phylogeographic structure in this 
region worthy of further investigation. 
The low number of shared mtCR haplotypes between Australia and New Zealand suggests that 
the initial colonization event likely involved a small number of migrants, but the broad geographic 
distribution of the most common haplotypes makes it difficult to infer the pattern of establishment and 
spread across the newly colonized range. Interestingly, the most common NZ mtCR haplotype (#01; 
Figure 2.1) is found at the highest frequency (0.56) in the South Island population at Stewart Island (SI), 
and declines in frequency toward the north, suggesting that New Zealand may have been originally 
colonized from the south. Consistent with this hypothesis, the common Australian haplotype #15 is found 
in a single individual from SI and nowhere else in New Zealand. The neighboring haplotype #02 is only 
found in New Zealand, and is restricted to SI and TA. These two haplotypes, nested within the Australian 
portion of the haplotype network, could stem from the original colonization event.  
Conversely, two mtCR haplotypes found at relatively high frequencies in northern New Zealand, 
are absent from Stewart Island, likely reflecting de-novo mutations during population expansion. 
Haplotype #12 is present at high frequencies in RA and CC, but was recovered in only a single individual 
from SY and NB in Australia. Similarly, haplotype #05 is found at moderate frequency (0.15) at the CC 
site, but was only found in a single individual collected from southern Australia (AD). While the small 
number of haplotypes involved makes it difficult to reconstruct colonization history with confidence, these 
patterns are consistent with IMa evidence of immigration to Australia from New Zealand at the northern 
end of the species range (see below). 
While multilocus inference of demographic history suggests that contemporary migration among 
populations is relatively low, genetic data provide evidence of at least one recent instance of trans-
Tasman migration. Six population pair comparisons show genetic evidence of migration from New 
Zealand to Australia, with no evidence of migration in the opposite direction. Only a single population-pair 
 22 
comparison remained significant after controlling for multiple comparisons, suggesting that migration has 
occurred between the North Island of New Zealand (RA) and the eastern coast of Australia (SY).  While 
these results contrast with the original colonization of New Zealand from Australia, counter-current 
migration has been inferred in previous trans-Tasman studies (e.g., Wallis & Trewick 2009; Donald et al. 
2015) as well as in south African limpets (Teske et al. 2015) and trans-Pacific marine teleosts (Lessios & 
Robertson 2006).  An important caveat to our inferences concerning the dominant direction of 
contemporary migration is the fact that, although parameter estimates are tightly constrained for migration 
events between New Zealand to Australia, allowing us to reject the null hypothesis of no migration, 
confidence limits are much broader for migration in the opposite direction (Table 2.3), potentially due to 
conflicts between the mtDNA and microsatellite datasets. A more expansive molecular dataset will be 
necessary to categorically reject the possibility of ongoing movement of seahorses from Australia toward 
New Zealand. 
 
2.4.2 Geographic Connectivity 
 Glacial-interglacial cycles have been asynchronous between the Northern and Southern 
Hemispheres throughout the Holocene and most likely beyond, but the Tasman Sea appears to be more 
sensitive to regional climate, and out of phase with global oscillations in temperature and glaciation, most 
likely due to movements of large warm water masses concordant with volcanic activity (Pelejero et al. 
2006; Alloway et al. 2007; Putnam et al. 2012). Hydrological connections and marine connectivity 
between Australia and New Zealand across the Tasman Sea have been intermittent in geological time 
(sensu Thiel & Haye 2006), and dominant currents have shifted dramatically in accordance with glacial 
cycles. Paleoceanographic reconstructions suggest that while the Tasman Front flowed close to the 
northern coast of New Zealand at 35°S during the previous interglacial (ca. 100 ka; Figure 2.1), it 
subsequently shifted northward by ca. 10° of latitude (Kawagata 2001), and was thus likely not a 
particularly effective vector of faunal exchange between these two regions during the last glacial period. 
Similarly, the current configuration of the Subtropical Front close to the southern tip of New Zealand 
(Figure 2.1) was likely only in place during warm interglacials ca. 400 ka (MIS11) and 100 ka (MIS5.5; 
Hayward et al. 2012). 
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 While most phylogeographic work in Australian and New Zealand coastal inhabitants has been 
conducted regionally, a particularly relevant recent study was conducted on a group of Stigmatopora 
pipefish that span the Tasman Sea and share the majority of their geographic distribution with H. 
abdominalis (Dawson 2012). Patterns of genetic diversity in Stigmatopora species spanning the Tasman 
are similar to those of H. abdominalis, with evidence of an Australian origin in both S. nigra and the S. 
argus/macropterygia sister group, and high genetic diversity in both Australian and New Zealand lineages 
(Dawson 2012). Interestingly, genetic data for Stigmatopora spp. suggest that pipefish also initially 
colonized the South Island of New Zealand and spread northwards, but did so far earlier than H. 
abdominalis (ca. 500-700 Ka). Rafting was cited as an important vector of dispersal in Stigmatopora 
(Dawson, 2012), and both adults and juveniles have been collected in rafting macroalgae (Kingsford 
1992). 
While dispersal is a key engine driving species expansion outside historical ranges, introduced 
species must successfully establish viable populations after arrival in order to successfully colonize a new 
area. Larval dispersal is thought to influence species interconnectedness in aquatic environments (Ayre 
et al. 1997), but the Bass Strait, Cook Strait, and Tasman Sea appear to form robust barriers to gene flow 
in many species with extended larval dispersal (e.g. Waters & Roy 2004; Goldstien et al. 2006; Banks et 
al. 2007; Doubleday et al. 2009; but see Fell 1962; Edgar 1987), and the short juvenile dispersal stage of 
H. abdominalis is unlikely to explain gene flow between Australia and New Zealand. In contrast, the 
Tasman Sea serves as only a partial barrier to gene flow in the small number of pelagic teleosts that have 
been studied in the region (Wallis & Jorge, 2018), and Coscinasterias sea stars that utilize rafting as a 
means of adult dispersal show a pattern of genetic structure almost identical to that of H. abdominalis 
(Waters & Roy 2003a; b).  
Rafting may enhance the potential success of establishment after introduction, by transporting 
reproductively mature adults that have already survived the critical phases of larval and juvenile 
development (Thiel & Haye 2006). Macroalgal rafting has been documented in a variety of syngnathid 
species (Luzzatto et al. 2013; Luiz et al. 2015), and is thought to have contributed to long-distance 
dispersal events in Atlantic (Boehm et al. 2013) and Indo-Pacific seahorses (Lourie et al. 2005; Teske et 
al. 2005). While macroalgae mats are often dominated by juvenile fishes, both S. macropterygia and H. 
 24 
abdominalis adults have been found associated with rafting algae off coastal New Zealand (Kingsford & 
Choat 1985; Kingsford 1992), emphasizing the potential importance of this mode of dispersal to their 
ability to colonize new environments. Buoyant macroalgae are far more abundant along the coasts of 
New Zealand than in Australia (Thiel & Gutow 2004), suggesting that they may be a more effective vector 
for dispersal from this region (Donald et al. 2015).    
 The analyses described here offer insights into patterns of historical colonization and 
contemporary dispersal across the Tasman Sea, but comparative data for additional species would help 
to test whether the broad patterns observed for H. abdominalis and Stigmatopora spp. are generally 
applicable to other rafting species found in the region. At the same time, expanding genetic data to 
include a broader sampling of the seahorse genome would help to clarify apparent conflicts between 
microsatellite and mitochondrial data, which we attribute to differences in the mutation rates of these two 
marker systems. Outlier analysis of genomic data could also help to identify loci potentially involved in 
local adaptation. The recent analysis of adaptive immune loci in H. abdominalis suggests that genetic 
variation of major histocompatibility loci is even more highly structured than is neutral genetic diversity 
(Ashe & Wilson, unpublished data). Regardless of the factors responsible for the establishment and 
spread of seahorses throughout Australia and New Zealand, our data highlight that even relatively 
sedentary species such as the seahorse have successfully colonized suitable habitats far outside their 






Table 2.3 Demographic estimates of population parameters for H. abdominalis estimated from composite 
mtDNA and microsatellite dataset. Comparisons follow a population0-population1 format, with ancestral 
population results denoted by an A. See Figures 2.1 and 2.6 for site codes. Population-pair divergence 
times (t/u), effective population sizes (Ne) and migration rate estimates (2Nm) are reported along with 
95% highest posterior density ranges, based on a one-year generation time for H. abdominalis (Teske et 
al. 2003). Population migration rate estimates reflect the effective number of migrants moving from the 
source population to the recipient population, and are reported in the coalescent direction. Uncorrected p-
values are indicated (*<0.05, **<0.01, ***<0.001). Significant migration (p<0.05) was detected from 




Comparison t/u (yrs) Ne0 Ne1 NeA 2N0m0>1 2N1m1>0
AU (5)
AD-NB 8,156 (1,385-43,244) 69,252 (20,006-170,823) 16,928 (7,695-60,019) 891,048 (543,247-1,497,391) 0.4 (0.0-3.3) 1.6 (0.3-2.9)*
AD-SY 6,596 (1,248-39,754) 55,263 (16,044-176,487) 19,610 (8,913-65,960) 946,610 (600,767-1,577,683) 0.6 (0.0-4.5) 1.5 (0.3-3.0)**
DE-SY 6,735 (783-22,399) 20,363 (7,832-64,220) 26,628 (7,832-70,486) 722,086 (415,082-1,292,236) 2.7 (0.0-6.2) 4.0 (0.3-8.6)**
NB-DE 7,663 (1,884-23,743) 23,869 (11,306-59,044) 23,869 (8,794-61,556) 569,081 (310,294-1,066,556) 4.8 (1.0-10.4)** 4.4 (0.0-9.6)*
NB-SY 16,075 (4,930-50,795) 40,722 (19,289-100,734) 49,295 (23,576-117,880) 833,732 (456,516-1,613,882) 4.3 (0.8-8.6)** 5.6 (1.3-12.5)**
NZ (10)
CC-SI 89,867 (32,878-313,438) 69,128 (28,663-328,781) 170,292 (45,524-3,056,823) 1,127,973 (524,364-2,598,215) 6.2 (0.0-19.8) 9.0 (0.0-442.2)
NA-SI 147,675 (0-412,870) 142,512 (22,719-3,038,181) 109,465 (35,112-3,682,581) 1,505,665 (646,465-3,542,135) 8.3 (0.0-345.8) 9.0 (0.0-458.1)*
NA-WE 1,237 (0-224,830) 77,605 (7,873-1,283,296) 196,825 (73,106-2,120,081) 417,268 (253,060-1,730,931) 7.6 (0.0-203.3) 6.2 (0.0-478.2)
RA-NA 13,163 (0-376,274) 504,182 (300,522-4,964,824) 121,699 (22,353-3,703,128) 767,449 (474,378-3,057,378) 0.4 (0.0-512.7) 6.8 (0.0-275.3)
RA-SI 11,165 (817-477,900) 514,662 (226,015-5,443,431) 242,354 (35,400-4,539,369) 923,123 (639,923-4,218,046) 0.4 (0.0-438.6) 0.4 (0.0-373.1)
RA-TA 77,372 (1,500-311,846) 447,943 (289,341-4,284,395) 79,301 (19,289-293,628) 1,060,918 (507,955-2,814,113) 0.4 (0.0-472.4) 4.0 (0.0-14.75)
RA-WE 4,950 (0-35,605) 3,111,841 (340,083-3,191,673) 3,191,673 (158,067-3,191,673) 512,520 (343,276-739,242) 1.8 (0.0-345.9) 2.5 (0.0-496.9)
TA-CC 117 (0-201,769) 94,525 (29,174-2,190,405) 122,532 (45,512-2,197,407) 264,902 (152,873-1,305,841) 2.5 (0.0-504.1) 3.2 (0.0-502.7)
TA-NA 555 (0-353,351) 116,489 (16,641-2,150,432) 194,149 (79,509-3,518,720) 1,403,420 (386,449-3,307,930) 4.7 (0.0-224.2) 1.1 (0.0-557.4)
WE-CC 2,180 (565-161,239) 159,059 (81,548-1,531,645) 34,718 (12,111-147,755) 372,213 (196,199-1,252,283) 7.6 (0.0-427.8)* 6.2 (0.0-16.2)
AU-NZ (10)
AD-CC 101,559 (24,116-531,573) 288,714 (125,675-519,685) 281,921 (112,089-594,411) 2,639,185 (1,450,363-5,152,695) 1.0 (0.1-2.4)* 0.7 (0.0-2.4)
AD-SI 102,798 (21,622-579,991) 254,149 (102,418-496,918) 330,014 (110,005-830,726) 3,341,870 (1,862,495-6,497,870) 1.9 (0.1-4.5)* 0.8 (0.0-4.8)
DE-CC 3,540 (462-307,019) 16,928 (4,617-63,097) 47,707 (7,695-453,988) 789,477 (463,222-2,288,407) 2.5 (0.0-3.8) 1.1 (0.0-13.30)
DE-RA 2,496 (0-511,167) 24,962 (0-113,716) 651,786 (158,093-5,544,342) 1,217,592 (784,917-4,035,526) 2.2 (0.0-3.4) 0.4 (0.0-117.7)
DE-SI 2,258 (0-71,911) 8,320 (3,566-39,224) 17,829 (0-723,861) 795,177 (495,649-1,379,971) 0.8 (0.0-2.7) 0.4 (0.0-24.1)
NB-SI 53,010 (15,571-349,729) 61,233 (19,245-120,717) 260,678 (68,231-684,062) 1,201,920 (617,580-2,731,000) 1.1 (0.3-2.5)*** 0.6 (0.0-7.3)
SY-CC 12,110 (1,038-638,388) 79,582 (24,221-231,826) 342,550 (38,061-1,034,569) 1,373,658 (813,123-5,228,205) 2.2 (0.1-4.7)* 3.9 (0.0-20.5)
SY-NA 252,076 (61,830-872,490) 121,546 (47,562-322,362) 576,023 (121,546-5,691,531) 4,560,623 (2,309,377-9,654,992) 2.0 (0.6-4.2)** 3.2 (0.0-114.7)
SY-RA 196,600 (64,041-819,989) 156,743 (67,175-317,964) 837,454 (425,445-1,410,685) 3,399,079 (1,742,084-7,035,512) 1.7 (0.5-3.2)*** 0.0 (0.0-6.3)




Figure 2.1 Haplotype frequency distributions for each site are displayed on the map of southeastern 
Australia and New Zealand for 174 H. abdominalis specimens from ten localities: Adelaide (AD), Sydney 
(SY), Derwent Estuary (DE), Northwest Bay (NB), Raglan (RA), Tauranga (TA), Napier (NA), Wellington 
(WE), Christchurch (CC), and Stewart Island (SI). Clusters are sized to the scale in the lower right. 
Haplotypes common throughout Australia are depicted in reds, common to New Zealand are in blues, and 
private haplotypes are shown in white. The path and direction of the Tasman and Subtropical Fronts are 
shown in gray based on Chiswell et al. (2015). An unrooted parsimonious haplotype network is displayed 




Figure 2.2 The rate of change of the ln likelihood probability between successively increasing numbers of 
populations (ΔK) ± SD for STRUCTURE analysis, estimated for K=1 to 13 populations. This method 
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Figure 2.3 Maximum likelihood tree for cytb of the Hippocampus genus rooted to pygmy seahorse 
species H. bargibanti, H. denise and H. pontohi. Bootstrap support >50% from 1000 replicates are 
reported for branches. AU Indicates species native to Australia, and NZ indicates species native to New 





























 HH1025 H. pontohi 
 HH1011 H. bargibanti AU 
 HH1014 H. denise AU 
 NC_021107 H. trimaculatus 
 AF192649 H. camelopardalis 
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 NC_029349 H. kelloggi AU 
 AF192662 H. erectus 
 JX467645 H. hippocampus 
 H. abdominalis haplotype 18 AU 
 AF192697 H. subelongatus AU 
 NC_020336 H. comes 
 NC_024530 H. ingens 
 NC_029350 H. spinosissimus AU 
 NC_034319 H. queenslandicus 
 AF192652 H. capensis 
 H. abdominalis haplotype 21 AU 
 H. abdominalis haplotype 19 AU 
 JX467651 H. algiricus 
 NC_027931 H. reidi 
 H. abdominalis haplotype 23 AU 
 HQ322626 H. abdominalis haplotype 3 NZ 
 HQ322628 H. abdominalis haplotype 5 NZ 
 H. abdominalis haplotype 17 AU 
 HQ322624 H. abdominalis haplotype 1 NZ 
 HQ322631 H. abdominalis haplotype 8 NZ 
 H. abdominalis haplotype 22 AU 
 H. abdominalis haplotype 20 AU 
 HQ322630 H. abdominalis haplotype 7 NZ 
 HQ322632 H. abdominalis haplotype 9 NZ 
 HQ322627 H. abdominalis haplotype 4 NZ 
 HQ322639 H. abdominalis haplotype 16 NZ 
 HQ322638 H. abdominalis haplotype 15 NZ 





Figure 2.4 STRUCTURE analysis of microsatellite data obtained for 169 H. abdominalis specimens from 
the ten localities throughout Australia (four sites on the left) and New Zealand (six sites on the right). K=3 
populations were found, with significant structure between Australia and New Zealand and within 
Australia. Little structure was found within New Zealand. Pairwise FST and Jost’s D estimates (Dest) are 
listed for nearest neighboring populations for microsatellites above the plot. For comparison, pairwise ΦST 
(an analog of FST) and conventional FST for the mtCR are listed below the plot. Asterisks indicate 
statistical significance (p<0.05) after sequential Bonferroni correction for the entire dataset of 45 



























































Figure 2.5 Intraregional analyses of isolation-by-distance for Australian and New Zealand sampling sites 
(see Figure 2.1). Pairwise linear regressions of geographic distance (km) to microsatellite genetic 
distance (Dest) are shown as well as the results of a statistical test for isolation-by-distance within each 




























































































Figure 2.6 Genetic histories for population comparisons generated by IMa2 and IMFig for H. abdominalis 
in Australia (AU) and New Zealand (NZ). Sites (see Figure 2.1) are identified on the map in panel (e). 
Effective population sizes (Ne) are represented by black box widths and reported to the nearest thousand 
(K) with contemporary estimates above each figure and ancestral below. Splitting times are reported to 
the left of each figure in thousands of years (Ka). Arrows in gray show the 95% highest posterior density 
intervals. Curved arrows represent statistically significant population migration rates (2NM) per generation 
from the source population to the receiving population forward in time (*p<0.05 after sequential Bonferroni 
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CHAPTER 3 




Adaptive immunity is an unappreciated driver of population and species divergence. Spatial 
variation in microbial abundance exposes host organisms to distinctive microbial communities, creating 
the potential for local adaptation. Using a comprehensive sampling of Hippocampus abdominalis, a 
broadly distributed coastal seahorse, from across its geographic range, we recovered remarkable genetic 
diversity at the major histocompatibility complex class II (MHII) locus, a key component of the vertebrate 
adaptive immune system. We aimed to characterize this diversity, and predicted that seawater, sediment 
and gut microbes of animals inhabiting sites differing in wastewater runoff would differ by environmental 
type and that these differences would lead to functionally important geographic differences in host MHII 
genotypes. Consistent with our predictions, gut microbiomes differed significantly between different 
environmental classifications. While MHII variation did not cluster significantly by environment, we found 
that particular MHII alleles correlated strongly with specific microbial operational taxonomic units (OTUs), 
suggesting a potential functional relationship between these variables. Strong correlations between MHII 
alleles and particular OTUs in natural populations may reflect adaptation to local environmental 




In an era of global climate change and anthropogenic habitat alteration, it is important to 
understand the impact that humans are having on natural populations of plants and animals. Examples of 
human impacts in the marine environment include fishing pressures, habitat fragmentation, climate shifts 
and environmental pollution (Altizer et al. 2003). Studies have addressed some of the consequences 
associated with such activities: selection for smaller body size (Conover et al. 2009), population 
bottlenecks (Larson et al. 2002), reduced habitat connectivity (Bishop et al. 2017), hypoxic conditions 
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from raw sewage (Cimmaruta et al. 2003; Breitburg et al. 2009), and increased mortality rates (Acevedo-
Whitehouse et al. 2006), but the effects of human modifications of the environment on the adaptive 
potential of wild populations remain under-studied (e.g. Alter et al. 2020).  
Spatial structure in microbial communities is an underappreciated, and potentially powerful, driver 
of adaptive change. Microorganisms are ubiquitous across the globe and play an integral role in 
biogeochemical cycles in terrestrial and aquatic environments (Stott & Taylor 2016). Human activities can 
produce environmental heterogeneity modifying natural microbial communities (Halpern et al. 2008; Stott 
& Taylor 2016), creating cryptic microhabitats. Animal and plant populations that are exposed to 
distinctive microbial communities are likely to experience unique selection pressures that could drive 
adaptive divergence. 
Vertebrate adaptive immune systems rely on a critical family of genes called the major 
histocompatibility (MH) complex, which are responsible for the detection and presentation of foreign 
antigens including viruses, bacteria and toxins (Janeway et al. 2001). The genes of the MH complex are 
some of the most diverse loci in the vertebrate genome, and variation in pathogen communities is thought 
to be responsible for the high levels of functional diversity found at these loci (Wegner et al. 2004). 
Consequently, human activities that influence the composition of local microbial communities have the 
potential to indirectly influence MH adaptive diversity in host species inhabiting these environments.  
 Syngnathid species (seahorses, pipefish and seadragons) are ideal subjects to study the 
evolutionary drivers of local adaptation, due to their extensive nearshore habitats, low dispersal ability, 
variable tolerance to environmental and anthropogenic insult and tractable adaptive immune systems 
(Litman & Cooper 2007; Bahr & Wilson 2011; Whittington et al. 2013). Despite the extensive literature 
published on seahorses in captivity, studies on wild populations have been limited to descriptive research 
on seahorse dispersal, reproduction, habitat and abundance (e.g. Lourie et al. 2005; Boehm et al. 2013; 
Harasti et al. 2014; Lawson et al. 2015; Wilson et al. 2017; Ashe & Wilson 2020). 
This work seeks to understand the influence of microbial communities on MH allelic diversity and 
fitness in a nearshore seahorse species (H. abdominalis) inhabiting urban and rural ecosystems in 
coastal Australia and New Zealand. Seahorses are ideal for this research because of the relatively simple 
structure of their minimal adaptive immune system (Bahr & Wilson 2011). As a result, characterizing MH 
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class II  and  (MHII and MHII), which together form the biologically active MHII molecule, is 
straightforward because individuals carry only a single copy of each locus (Wilson et al. 2014; Wilson 
2017) instead of the multiple loci found in most species, facilitating the assessment of host functional 
diversity.  
We hypothesize that geographic variation in anthropogenic inputs in nearshore environments will 
lead to spatial heterogeneity in coastal waters and sediments, and that these differences will lead to 
quantifiable differences in the gut microbiomes of associated organisms. As a result, H. abdominalis 
populations inhabiting these sites are predicted to show spatial structure at functionally important MH loci 
despite a lack of structure at neutral markers (Ashe & Wilson 2020). MH population structure is expected 
to be especially pronounced between urban sites experiencing high inputs of wastewater derived from 
human activity and rural sites with low anthropogenic inputs, reflecting their distinctive microbial 
communities. Following this logic, we predict that microbes characteristic of specific environmental types 
will be highly correlated with particular MH alleles, reflecting the local adaptation of hosts to ambient 
microbial communities.  
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Sample collection 
 To characterize MHII genetic diversity in H. abdominalis, a comprehensive analysis of range wide 
variation in MHII genotypes was carried out on 146 individuals from Australia and New Zealand. These 
populations were previously screened for neutral genetic diversity and found to exhibit significant spatial 
structure across the Tasman Sea, with reduced structure within Australia and New Zealand (Ashe & 
Wilson 2020). 
Following the characterization of MHII genetic diversity in H. abdominalis, field collections were 
used to quantify spatial and temporal variation in water and sediment microbial communities from 
distinctive environmental input zones at urban and rural sites along the New Zealand coastline. Four 
locations within urban coastal areas <1 km from combined sewer outflows (CSOs) were sampled and 
designated as “Human” sites (CC, NP, SI, TA). These sites are exposed to untreated stormwater, 
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domestic sewage and industrial wastewater during heavy rainfall or snowmelt 
(https://niwa.co.nz/freshwater-and-estuaries/stormwater-management/stormwater-an-introduction). A 
second coastal area >10 km from an urban center was sampled as a representative of a “Pristine” site 
(WE). Finally, seahorses from a site in Akaroa Harbour (AK) were sampled <1 km from terrestrial 
agricultural runoff and aquaculture, which was classified as an “agricultural impact” site. See Table 3.1 for 
collection details and GPS coordinates. 
An additional 21 seahorse specimens were obtained at these sites for genetic analyses and 
assessment of their gut microbiome (Table 3.1; see Figure 3.1 legend for site abbreviations). In July 
through August 2015, five individuals were collected from AK, SI and WE under Special Permit #600 from 
the New Zealand Ministry for Primary Industries (NZMPI) with ethics approval #278 from the International 
Animal Care and Use Committee (IACUC) and #212 from the Animal Ethics Committee (AEC), and 
imported under CITES permit 15NZ000082. An additional 16 animals were collected in September 
through October 2017 from AK, CC, NP and WE under NZMPI Special Permit #655 with IACUC ethics 
approval #287, and imported under CITES permit 17NZ000129. 
Field collected seahorses were caught by hand using snorkel or SCUBA, and euthanized in a 0.2 
mg/ml solution of tricaine methanesulfonate within 20 minutes after capture. Intact gut tracts were 
removed by making a single insision on the ventral side of the trunk from the posterior opening to the 
anterior. A second incision was made to open the gut tract into a sheet. Stomach contents were removed 
by gentle rinsing with 2 ml of seawater (Tanu et al. 2012), and gut tissue was stored frozen at -20ºC until 
16S ribosomal RNA (rRNA) microbial extraction protocols could be performed (e.g. Bolnick et al. 2014). A 
4 mm2 piece of muscle tissue from the tail was stored in 95% ethanol prior to DNA extraction using 
DNeasy columns (Qiagen, Hilden, Germany).  
 At each site, 2 L of water column seawater was filtered through 0.45 m PowerWater filters (MO 
BIO, Carlsbad, CA, USA) and three 1 ml aliquots of sediment were collected from the seabed and 
preserved in microcentrifuge tubes. Water and sediment samples were stored frozen at -20C prior to 
analysis. Microbial genetic material was extracted from gut tissues and sediments using the MO BIO 
PowerSoil kit and from water filters using the MO BIO PowerWater kit. 
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3.2.2 Host genetic analyses 
Complete exon 2 MHII (246 base pairs; bp) and MHII (273 bp) loci were PCR amplified and 
sequenced using methods described elsewhere (Wilson et al. 2014). These exons code for the 
biologically active MHII peptide-binding region, which recognizes extracellular pathogens and bacterial 
fragments (Batalia & Collins 1997). Increased variation in this region allows for the identification of a 
larger assortment of extracellular debris, leaving a host less susceptible to infection (Penn et al. 2002). 
Due to the tight physical linkage of these loci (Wilson et al. 2014), MHII and MHII sequence data were 
concatenated (MHII followed by MHII, respectively) and phased to alleles using PHASE v2.1.1 to 
create the “composite MHII alleles” dataset for population-level genetic comparisons (Stephens et al. 
2001; Stephens & Scheet 2005). A subset of heterozygous individuals was selected for cloning (4 for 
MHII and 3 for MHII from 6 sites) to independently verify composite alleles predicted by phase 
analyses using methods described elsewhere (Wilson et al. 2014). Because only two individuals were 
successfully sequenced at the TA site (Figure 3.1), they were excluded from further analyses. 
Standard inter- and intrapopulation level allelic diversity indices were estimated and allele 
networks were constructed as previously described for the composite MHII allele dataset (Ashe & 
Wilson 2020). Mantel and partial Mantel tests were performed in the R vegan package using the Pearson 
method with 104 permutations. Partial Mantel tests controlled for neutral genetic variation assessed by 
microsatellite genotyping to test whether the geographic distribution of MHII variation fit a neutral 
isolation-by-distance model. Multilevel hierarchical analyses of molecular variance (AMOVA) were 
performed in the R poppr v2.8.6 and ade4 v1.7-15 packages with 104 permutations (Dray & Dufour 2007; 
Kamvar et al. 2014). 
 
3.2.3 Microbe genetic analyses 
Microbes were identified from 16S rRNA sequences obtained via Illumina MiSeq 2x300PE next-
generation sequencing (300 bp paired end reads) with primers flanking the V4 variable region (Illumina, 
Inc., San Diego, California) and analyzed in QIIME 1 (Caporaso et al. 2010). Reads were prefiltered by 
removing singletons and sequences with <97% identity match to the Greengenes reference database 
(McDonald et al. 2012). Additional filtering was carried out to remove chimeric, chloroplast, mitochondrial, 
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Archaea and unassigned sequences. To ensure high quality read depth and abundance accuracy, only 
filtered sequences with a phred score of ≥25 and 99.9% sequence identity were retained (Bokulich et al. 
2013). Finally, all samples were rarefied to 8,158 reads to standardize for differences in library 
sequencing depth. OTU analyses are reported at the order level, which was used to classify and group 
microbes by functional similarity (e.g. Whitman 2015).  
Microbial OTUs were grouped into one of four categories based on organismal and/or 
environmental associations. Gut-associated orders were dominated by pathogenic strains and associated 
microbes common in terrestrial vertebrate and invertebrate guts. Marine-associated orders were mainly 
nonpathogenic strains associated with marine organisms. Soil-associated orders ranged from symbiotic 
to pathogenic and were associated with terrestrial soils and marine sediments. Plant-associated orders 
were phototrophic, primarily associated with terrestrial and marine multi-cellular plants. OTUs represented 
by yields of less than 0.5% within the overall dataset were classified as rare. 
Weighted UniFrac distances were generated for microbial abundance in QIIME, a method that 
has been proven to be a robust measure of ecological -diversity, especially for downstream analyses like 
principal coordinates analysis (PCoA; Lozupone et al. 2011). PCoA coordinates and eigenvalues were 
calculated in the R v3.6.3 software environment using the stats v3.6.3 package (R Core Team 2020) and 
imported into Excel v16.36 for visualization (https://office.microsoft.com/excel). To statistically test for 
differences between sample groups in the PCoA, an analysis of similarities (ANOSIM) was carried out 
using the Bray-Curtis method with 9,999 permutations in the R vegan v2.5-6 package (Oksanen et al. 
2018). A Venn diagram of microbial OTUs was formatted in the R venneuler v1.1-0 package (Wilkinson 
2012). 
 
3.2.4 Statistical correlations 
Seahorses carry a maximum of two MHII and MHII alleles at each locus, generating up to four 
different cell surface receptors in individuals heterozygous for both loci creating a “functional MHII 
alleles” dataset. Linear regressions between OTU absolute abundance and functional MHII genotypes 
of field-collected seahorses were carried out using a quasibinomial generalized linear model (GLM) in R 
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(e.g. Bolnick et al. 2014). OTU abundance was used to predict the probability of the presence or absence 




3.3.1 Host population structure 
 A total of 162 unique composite MHII alleles were identified out of the 334 MHII and MHII 
alleles sequenced for 167 H. abdominalis specimens. All individuals carried a maximum of two alleles per 
locus. Allelic richness ranged from 5.3 (AD) to 9.4 (RA), with Australian sites exhibiting lower allelic and 
nucleotide diversity than those from New Zealand (Table 3.2). Values for observed heterozygosity were 
statistically lower than expected for all sites except AD, which was in line with Hardy-Weinberg 
expectations (Table 3.2). While five of six Australian pairwise comparisons were genetically distinct based 
on ST (5/6 for Dest) and only three out of 21 New Zealand pairwise comparisons were significantly 
different (0/21 Dest; Table 3.3) after sequential Bonferroni correction, nearest neighbor sites in Australia 
shared a larger proportion of composite MHII alleles than comparable sites in New Zealand (Figure 
3.1). Composite MHII genetic differences were pronounced between Australia and New Zealand, with 
27 of 28 population pairs significantly different (27/28 for Dest; Table 3.3). Only two alleles were recovered 
in both Australian and New Zealand seahorses, one in populations at the north of the species range (SY-
RA) and the other in populations from northernmost Australia and both islands of New Zealand (SY-RA-
CC). The most pronounced genetic differences were seen among the Australian populations (Table 3.3). 
 Observed genetic patterns primarily reflected differences in private allele frequencies and genetic 
distances between alleles. Sites in Australia had lower proportions of private alleles (36%-38%) than New 
Zealand sites (35%-75%) despite the stronger genetic differentiation in this portion of the species range. 
AD was the most distinctive of Australian seahorse populations. A MHII network reveals that the 
majority of Australian alleles are separated by several genetic steps and nestled within New Zealand 
alleles (Figure 3.2). The number of mutations between New Zealand alleles varied widely, and no 
geographic structure was evident in the network. 
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 Tests of Tajima’s D indicate that none of the sites adhere to an equilibrium model of neutral 
evolution (Tajima 1989). Evidence of balancing selection was found at three sites in Australia (AD, DE, 
SY) and one in New Zealand (AK). The number of rare alleles were more abundant than expected at 
seven of the sites, in Australia (NB) and New Zealand (RA, NA, WE, CC, SI, NP), consistent with an 
inferred population expansion in New Zealand (Ashe & Wilson 2020). To discern between diversifying 
selection at the MHII and a general population expansion, a partial Mantel Test was performed to remove 
the signal of neutral genetic variation inferred from the analysis of nuclear microsatellites (Ashe & Wilson 
2020). Composite MHII genetic distance in Australia was not significantly predicted by geographic 
distance when neutral nuclear genetic distance was held constant (rm´=0.10 p=0.33, Figure 3.3), and no 
signal of isolation-by-distance of MHII was detected in New Zealand. Despite biases inherent in partial 
Mantel tests (Guillot & Rousset 2013), these data provide a valuable preliminary assessment of spatial 
genetic variation at the MHII and suggest that factors other than geographic isolation have influenced the 
distribution of adaptive variation at this locus. 
A 4-level hierarchical AMOVA (region/environmental type/site/individuals; Figure 3.4) revealed 
that the largest proportion of composite MHII variation was found within individuals (66.7%; p<0.01). 
Variation between individuals within sampling sites accounted for 7.6% (p<0.01). Variation between 
sampling sites within environmental types accounted for 11.9% (p<0.01). The lowest level of variation 
was between environmental types within regions at -2.2% (p=0.31), and MHII variation between Australia 
and New Zealand seahorses accounted for 16.0% (p=0.10) of total genetic variation. Variance 
components here are estimated from Euclidean squared distances of allelic nucleotide variation and 
frequency to determine population structure and differentiation at each level (Excoffier et al. 1992). When 
no population structure exists within a given level (i.e. the true value of population differentiation is zero), 
resulting variance estimates can range from slightly negative to slightly positive (Meirmans 2006). Such 
was the case for variation between environmental types in this analysis. Even though the true variation at 
this hierarchical level is most likely closer to zero, the -2.2% variation was reported to preserve 
differentiation comparisons found at the other three levels. 
 
3.3.2 Microbe community assemblages 
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16S sequencing reads were obtained from seawater samples (38,584-121,446 reads), sediment 
samples (10,551-78,191) and gut samples (8,158-94,301). All samples were rarefied to the lowest yield 
(8,158 reads), which was derived from a gut lining sample from SI (Table 3.4). After rarefaction, an 
average of 1,284 OTUs (median of 942) were found in each seawater sample, ranging from 732 to 2,987 
per sample. Sediment samples had the highest average of 2,638 OTUs (1,296-3,477) with a median of 
2,920, and gut lining samples had the lowest average of 493 OTUs (91-4,285) with a median of 276. 
Sequencing results for each library are listed in Table 3.4. 
Microbial communities were generally diverse, and included a total of 29 orders with an overall 
abundance of greater than 0.5% in the full dataset (see Figure 3.5). Microbial communities in seawater 
samples were primarily represented by marine-associated orders Flavobacteriales (13.3%-40.4%), 
Rickettsiales (4.3%-28.6%) and Oceanospirillales (4.9%-25.0%). Flavobacteriales (9.5%-41.3%) was the 
only order found in all sediment samples, and sediments had the highest percentage of OTUs classified 
as rare (i.e. <0.5%; 3.4%-30.3% of each library; see Figure 3.5A in grey). Gut linings had the least diverse 
microbial communities, with higher proportions of gut-associated and soil-associated orders than 
sediments or seawater (Figure 3.5). Gut-associated Bacillales (up to 64.2%) and soil-associated 
Actinomycetales (up to 37.7%) were the dominant orders in 10 of the 21 gut samples (Figure 3.5).  
 Seawater, sediment and gut microbial communities were clearly distinct (ANOSIM R=0.60; 
p<0.01), and gut lining communities were particularly distinct from seawater and sediment microbial 
communities. Seawater and sediment communities were also significantly different from one another 
(R=0.76; p<0.01). Seawater microbial communities did not differ significantly by year (R=0.03; p=0.29), 
nor did sediment samples (R=0.06; p=0.28). Neither seawater samples (R=-0.25; p=0.82), nor sediment 
samples (R=0.49; p=0.10) differed by site, indicating that microbial assemblages within H. abdominalis 
habitats were stable over time. Sediment samples differed significantly by environmental classification 
(R=0.25; p=0.04), but seawater samples did not (R=-0.08; p=0.67). Hydrological homogenization 
provided seawater and sediment samples stability over space as well, but sediments were influenced to a 
greater extent by the different classifications of terrestrial wastewater inputs. 
 In contrast to environmental samples, microbial assemblages of gut samples differed significantly 
both by year (R=0.40; p=0.019) and site (R=0.23; p=0.019). While gut samples did not differ significantly 
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by environmental classification (R=0.11; p= 0.09) upon initial analyses, a preliminary analysis of these 
data revealed that this effect was caused by the five 2015 samples, which differed in microbial 
constituents and abundance from the 2017 samples (Figure 3.5B). Given the small size of the 2015 
sample set and the fact that two of the five individuals were in poor condition at the time of collection, 
subsequent analyses focused on the 2017 collections (Figure 3.6). 
 2017 gut microbial communities differed significantly by both environmental classification 
(R=0.22; p=0.01) and by site (R=0.29; p=0.01). PCoA of these samples indicated that one individual 
(AK15-17) from the Akaroa agricultural/aquaculture site was a clear outlier along the x-axis (Figure 3.6A). 
The microbial community of this animal was highly skewed to the Mycoplasmatales bacterial order (Figure 
3.5B). H. abdominalis at aquaculture sites have the highest potential to come into contact with transient or 
opportunistic microbes due to their close proximity to salmonid aquaculture and terrestrial runoff from 
livestock (McLellan et al. 2013). The majority of the variation in the non-agricultural samples was 
distributed along PCoA2 (Figure 3.6A). 
 Only 7% (191/2,647) of gut microbes were found at all habitat types (Figure 3.6B). Human-
associated gut samples displayed the highest community diversity per individual, with OTUs well 
represented across all four groups of microbial functional similarity (see Figure 3.5). Pristine-associated 
samples were moderately diverse and clustered tightly in the PCoA, with microbial communities 
dominated by gut-associated (Bacillales, Clostridiales and Burkholderiales) and soil-associated 
(Actinomycetales and Pseudomonadales) taxa (Figure 3.6A). The majority of microbial taxa in these 
groups are considered pathogenic (Whitman 2015), but their specific effects on seahorses remain 
undefined, with the exception of approximately 20 strains from Vibrionales and Actinomycetales, which 
are known to cause intestinal disease resulting in slower growth, poor condition and mortality (e.g. 
Koldewey & Martin-Smith 2010; LePage et al. 2015; Li et al. 2015; Wang et al. 2016b).  
 
3.3.3 Host-microbe Genetic Correlations 
 Linear regressions were performed between gut microbial OTUs and the 67 functional MHII 
genotypes found in host animals. After sequential Bonferroni correction, 489/11,457 (4.3%) of 
associations remained statistically significant. Wald’s Z scores ranged from -77.28 to 96.31. Negative 
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Wald’s scores indicate that a given functional MHII allele is negatively correlated with OTU abundance, 
whereas positive values indicate a positive association between functional MHII and OTU abundance. 
The strongest correlations, i.e. the most pronounced Wald’s Z scores for the 32 (of 489) most abundant 
OTUs, are shown in Figure 3.7. 
 Individual functional MHII alleles were significantly correlated with up to 20 OTUs despite low 
sampling replication (Figure 3.7). Only four functional MHII alleles were found at more than one 
environmental type, but these alleles were not significantly correlated with any OTUs. The majority of 
significant correlations were found between pristine-associated functional MHII alleles and a variety of 
microbial orders associated with different hosts and environment types, most notably Bacillales (43/489), 
Pseudomonadales (36/489), Clostridiales (34/489), Actinomycetales (34/489), and Flavobacteriales 
(28/489). Four alleles from one individual in the pristine group had the highest number of significant 
correlations (AB032, AB033, AB034 and AB035). Human-associated functional MHII alleles were 
positively correlated with marine-associated Flavobacteriales (39/489; AB009, AB010, AB011, AB012, 
AB013, AB014, AB015, AB016, AB018, AB019 and AB020) and plant-associated Pirellulales (29/489; 
AB005, AB006, AB007, AB008, AB009, AB010, AB011, AB012, AB021, AB022, AB023, AB024 and 
AB025). Negative correlations were only found between Actinomycetales and four 
agriculture/aquaculture-associated MHII alleles (AB055, AB056, AB057 and AB058), and the lowest 
number of positive correlations were found with orders from the diverse Proteobacteria phylum (14/489; 
AB060, AB061, AB062 and AB063). While this is a robust method to detect MH alleles using OTU relative 
abundance data, predicting the presence of a single allele can be unreliable as in the majority of cases 
reported here. To make meaningful assertions for downstream experimental applications, methods will 
need to be employed to group functional alleles. 
 Significant correlations were found between OTUs and up to six functional MHII alleles (Figure 
3.7). Marine-associated Flavobacteriales and gut-associated Bacillales orders had the largest number of 
statistically significant positive Wald’s Z associations (67/489 and 58/489 respectively). Flavobacteriales 
orders were prominent in seahorse guts from human-associated environments and common across 
seawater and sediment samples at all sites (Figure 3.5). Nine additional microbial orders exhibited a 
higher-than-average number of significant associations. Soil-associated Pseudomonadales OTUs were 
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positively correlated with pristine-associated functional MHII alleles (45/489), plant-associated 
Pirellulales and Rhodobacterales were positively correlated with gut samples from human-associated 
environments (37/489 and 28/489 respectively), and marine-associated Vibrionales were positively 
correlated with seahorses collected from human- and agriculture/aquaculture-associated environments 
(20/489). The only negative correlations were found between soil-associated Actinomycetales and four 
agriculture/aquaculture-associated functional MHII alleles, while marine-associated Bacteroidales were 




 We found remarkable genetic diversity of the MHII system in natural populations of H. 
abdominalis relative to traditional model systems, despite the minimal MHII system found in this species, 
with evidence of recombination from the reticulation recovered in the allele network. While our sampling 
was more comprehensive than other studies, high MHII diversity has been reported in several teleost 
species, with comparable variability in another seahorse, H. erectus, and the three-spined stickleback, 
Gasterosteus aculeatus, and a consistent signal of recombination in studies that have explicitly tested for 
this (Landry & Bernatchez 2001; Reusch & Langefors 2005; van Oosterhout et al. 2006; Aguilar & Garza 
2007; Michel et al. 2009; Luo et al. 2016). Similar to our findings, MHII diversity typically exceeds neutral 
variation in most systems (Landry & Bernatchez 2001; Reusch & Langefors 2005; van Oosterhout et al. 
2006; Michel et al. 2009). Studies have also repeatedly reported evidence of positive selection within the 
ABS, demonstrating response to local selection pressures between differing environments. More 
specifically, fine scale MHII differentiation has been reported within single river systems covering a 
variety of habitats in Atlantic salmon, Salmo salar (Landry & Bernatchez 2001), and higher MHII diversity 
co-occurred with higher parasite loads in a small ancestral population of Trinidadian guppies, Poecilia 
reticulata, than in larger downstream populations (van Oosterhout et al. 2006). These studies tell us that 
the high level of MHII diversity, allelic network complexity, and evidence of local adaptation seen in our 
investigations should not be entirely unexpected. 
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 Overall, H. abdominalis genetic structure at the composite MHII locus was less geographically 
structured between Australia and New Zealand than neutral molecular variation, i.e. the mitochondrial 
control region and microsatellites (Ashe & Wilson 2020). Intrapopulation MHII genetic diversity was high 
across the species range. The highest component of genetic variation was found within individuals, and 
pristine sites appear to be the most differentiated across the range of H. abdominalis. 
 Tajima’s D measures the difference between the number of segregating sites and the mean 
number of of pairwise differences to discern whether a locus is evolving randomly or under selection 
(Tajima 1989). Older, more established populations in Australia potentially exhibit signs of negative 
frequency-dependent balancing selection at the MHII, while the majority of New Zealand populations 
appear to be undergoing positive frequency-dependent balancing selection. Composite MHII 
heterozygosity was lower than expected across the species range, indicating that the mechanism of 
heterozygote advantage is not solely responsible for the high abundance of rare alleles and level of 
diversity and structure found (see Figure 3.2; Woelfing et al. 2009). A combination of heterozygote 
advantage and negative frequency-dependence is required to explain these findings, especially if rare 
alleles have differing levels of fitness between environments or over time (Ejsmond et al. 2014). We did 
not observe the specific composite MHII genetic differences originally predicted between environmental 
types, but I uncovered important patterns between microbes and functional host MHII alleles at the 
individual level.  
 Microbial assemblages from seawater samples were stable across space and time, but both 
sediment and seahorse gut lining communities statistically differed based on proximity to nearshore 
human activity and wastewater inputs. Previous studies have demonstrated microbial cycling over time in 
marine environments, with the largest source of variation stemming from seasonal changes (Fuhrman et 
al. 2015; Angly et al. 2016). Detectable fluctuations of microbial assemblages from anthropogenic 
wastewater into nearshore environments typically follow extreme weather events, producing localized and 
often temporary changes to the water column, with sediments acting as long-term microbial reservoirs 
(e.g. Wu et al. 2010; Passerat et al. 2011; Shanks et al. 2013; Neave et al. 2014). 
 Significant differences in microbial community composition among the three environmental types 
are consistent with our hypothesis concerning the impact of anthropogenic inputs on nearshore 
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environments, and suggest that spatial heterogeneity in microbial communities could act as a selective 
pressure influencing resident plants and animals. Seahorse microbiomes at human-associated sites were 
more diverse than expected. In contrast, pristine-associated seahorse microbiomes were dominated by 
five orders containing species considered pathogenic in other vertebrates (Whitman 2015), but 
pathogenicity of specific isolates remains untested in H. abdominalis. Finally, agriculture/aquaculture-
associated seahorse microbiomes were the least predictable from sample to sample. Animals inhabiting 
these habitats are likely impacted by high density aquaculture, which has been shown to influence natural 
microbial communities (Assefa & Abunna 2018). Our evidence suggests that specific individual level 
comparisons may be a critical component to define microbe-host associations in nearshore habitats.  
Overall, seahorse microbiomes from the 2017 gut lining samples resembled healthy individuals 
from previously published studies (Tanu et al. 2012; Li et al. 2015; Wang et al. 2016a) with similar 
compositions of Bacialles, Alteromonadales, Rhodobacterales, Lactobacillales, and Burkholderiales and 
markedly lower levels of Vibrionales than in diseased individuals. From a holobiont perspective, diverse 
microbial communities within the H. abdominalis gut may limit the potential of any one bacteria to 
establish densities required for pathogenic infections (Dheilly et al. 2015). Rare MHII alleles that provide 
resistance to these pathogens are selected for, and increase in frequency over time within the population 
(Sommer 2005). The recognition that hosts can provide unique microhabitats for microbial colonization 
has influenced our understanding of how microbes are a critical component of host immunity and 
physiology (e.g. Mouchet et al. 2012; Vences et al. 2016; Osborne et al. 2017; Risely et al. 2017; Uren 
Webster et al. 2020). 
While the environmental classifications selected here do not accurately predict genetic structure 
of MHII in H. abdominalis, specific functional MHII/microbe correlations were identified. High gut 
OTU abundances in individuals lacking specific functional MHII alleles could be an indication that a 
particular microbe is either pathogenic or an important mutualist, especially when it coincides with lower 
overall microbiome diversity (Bolnick et al. 2014). We observed this pattern in H. abdominalis neighboring 
high-density salmonid aquaculture pens. In contrast, a number of functional MHII alleles at pristine and 
human-associated sites correlated with high levels of particular microbial OTUs (Figure 3.7), suggesting 
over-growth of a benign commensal OTU or a non-lethal pathogenic infection (Bolnick et al. 2014). In 
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these cases, a microbe could benefit from the host’s recognition of a competing OTU, or that microbe 
may have evolved to escape recognition by functional MHII alleles common in a particular 
environment. Given the complexity of interactions between microbial communities and their hosts, 
functional testing is needed to determine the causes of microbial under or overgrowth in host 
microbiomes. Our results represent an important snapshot of seahorse guts across environments, but 
additional sampling across multiple time points will be needed to reveal how fluctuations in the ambient 
environment influence the stability of host-associated microbial communities over time. 
Our results provide evidence of high MHII diversity in the seahorse, and identify statistical 
associations between MH alleles and particular microbial OTUs, inviting experimental investigations of 
functionally important genetic variation, a topic increasingly relevant within a conservation management 
context (Sommer 2005; Stott & Taylor 2016). Teleost fishes, including seahorses, show dramatic variation 
in the structure of their adaptive immune systems (Wilson 2017), and microbiome-based studies do not 
account for eukaryotic parasites or viruses, which may skew abundance and/or composition of microbes 
in the host (Bolnick et al. 2014). While the present study focuses on the adaptive immune diversity of 
seahorses, our research emphasizes the importance of moving beyond neutral genetic diversity to 
consider the role of adaptive genetic variation in a conservation context. By expressly considering the 
relationship between MHII diversity and environmental microbes, our study emphasizes the central role 
that environmental variation can play in shaping patterns of adaptive diversity, a paradigm that can be 
translated to species with more complex adaptive immune systems. Additional sampling (e.g. Gonzalez-
Quevedo et al. 2016; Vences et al. 2016), correlations with additional adaptive immune loci contributing to 
microbe antigen recognition (e.g. Luo et al. 2016), controlled laboratory experiments (e.g. Eizaguirre et al. 
2012) and translocation experiments (e.g. Uren Webster et al. 2020) are all logical extensions of the 




Table 3.1 The twelve sampling sites for this study are listed with number of H. abdominalis collected (N), 
latitude, longitude, year of sample collection, and collection details. Site abbreviations are described in 
the Figure 3.1 legend. Sample types are gut tracts (G), fin-clip or muscle tissue samples (T), seawater 
(SW), and sediments (SD). Environmental classifications are described in the text and legend for Figure 
3.5. 
 
Site Coordinates Year N Sample Type Environment 
AD -33.10, 137.73 2007 18  T   Pristine 
NB -43.02, 147.28 2003 21  T   Pristine 
DE -42.81, 147.44 2003 21  T   Pristine 
SY -33.83, 151.17 2003 27  T   Human 
AU   87      
RA -37.79, 174.88 2008 28  T   Pristine 
2015    SW SD 
TA -37.63, 176.17 2008 2  T   Human 
2015    SW SD 
NA -39.19, 177.57 2008 7  T   Agriculture/ 
Aquaculture 
NP -39.06, 174.04 2017 5 G T SW SD Human 
WE -41.28, 174.83 2008 9  T   Pristine 
2015 3 G T SW SD 
2017 6 G T SW SD 
CC -43.61, 172.72 2008 4  T   Human 
2017 1 G T SW SD 
AK -43.87,172.92 2015 1 G T SW SD Agriculture/ 
Aquaculture 2017 4 G T SW SD 
SI -46.89, 168.14 2008 9  T   Human 
2015 1 G T SW SD 
NZ   80      




Table 3.2 Genetic diversity statistics for composite MHII allele sequences for eleven of the sampling 
sites. Site abbreviations are listed in the Figure 3.1 legend. The number of alleles sequenced (nMH), the 
number of distinct alleles per site (Na), nucleotide diversity (), allelic richness standardized to the 
smallest number of alleles obtained per site (n=10; Ar), observed heterozygosity (HO), expected 
heterozygosity (HE), the number of private alleles out of nMH (PA), and Tajima’s D interpretation ( vs. ) 
are included. 
 
Site nMH Na  Ar HO HE PA Tajima’s D 
AD 36 14 0.0246 5.272 0.31 0.31 13 >0 
NB 42 21 0.0235 6.784 0.16 0.26 16 <0 
DE 42 16 0.0198 6.232 0.20 0.25 15 >0 
SY 54 20 0.0312 6.678 0.31 0.32 20 >0 
AU 174 59       
RA 56 50 0.0390 9.410 0.29 0.35 35 ≪0 
NA 14 14 0.0376 8.333 0.30 0.42 8 <0 
WE 36 30 0.0372 8.942 0.28 0.34 17 <0 
CC 10 10 0.0390 7.632 0.39 0.42 5 <0 
SI 20 18 0.0374 8.477 0.25 0.34 7 <0 
AK 10 8 0.0337 6.492 0.33 0.41 5 >0 
NP 10 10 0.0375 7.632 0.36 0.42 4 <0 
NZ 156 101       






Table 3.4 Read counts are listed for all samples before rarefaction (8,158 reads), and OTU counts are 
listed after rarefaction. Minimum (Min), maximum (Max), average and median are included for sample 
types. See Figure 3.5 for sample details. 
 
Sample Type Reads OTUs (counts post rarefaction) 
Seawater 
Average = 77,690 (Median = 71,898) 
Min-Max = 38,584-121,446 
Average = 1,284 (Median = 942) 
Min-Max = 732-2,987 
TASW-15 121,446 847 
SISW1-15 38,584 2,987 
SISW2-15 48,912 1,646 
NPSW-17 71,787 732 
CCSW-17 68,635 1,552 
RASW-15 104,096 816 
WESW-15 94,477 871 
WESW1-17 71,898 1,117 
WESW2-17 98,263 906 
AKSW-15 74,614 942 
AKSW-17 61,875 1,712 
Sediments 
Average = 55,982 (Median = 59,099) 
Min-Max = 10,551-78,191 
Average = 2,638 (Median = 2,920) 
Min-Max = 1,296-3,477 
TASD-15 60,600 3,477 
SISD1-15 67,298 3,143 
NPSD-17 10,551 1,296 
CCSD-17 58,769 2,498 
RASD-15 52,618 2,956 
WESD-15 58,876 3,250 
WESD1-17 59,322 2,899 
WESD2-17 50,908 2,522 
AKSD-15 78,191 2,941 
AKSD-17 62,688 1,398 
Gut Tracts 
Average = 39,782 (Median = 34,614) 
Min-Max = 8,158-94,301 
Average = 493 (Median = 276) 
Min-Max = 91-4,285 
SI01-15 8,158 228 
NP01-17 58,035 310 
NP02-17 40,635 473 
NP03-17 31,542 462 
NP04-17 20,280 561 
NP05-17 69,057 298 
CC16-17 51,092 276 
WE01-15 13,612 246 
WE02-15 46,072 601 
WE03-15 20,528 308 
WE06-17 13,013 284 
WE07-17 29,862 260 
WE08-17 35,413 247 
WE09-17 76,614 195 
WE10-17 34,076 276 
WE11-17 28,266 254 
AK01-15 60,833 4,285 
AK12-17 55,555 258 
AK13-17 34,614 200 
AK14-17 13,868 240 
AK15-17 94,301 91 
Total 
Average = 53,567 (Median = 56,795) 
Min-Max = 8,158-121,446 
Average = 1,211 (Median = 774) 






Figure 3.1 A distribution map of genetic samples obtained for 167 H. abdominalis specimens from twelve 
localities throughout Australia and New Zealand: Sydney (SY), Adelaide (AD), Derwent Estuary (DE), 
Northwest Bay (NB), Raglan (RA), New Plymouth (NP), Tauranga (TA; excluded from analyses due to 
low sample number), Napier (NA), Wellington (WE), Christchurch (CC), Akaroa (AK), and Stewart Island 
(SI). Composite MHII alleles are represented in the pie graphs shared by three populations in Australia 
(red), New Zealand (dark blue), or between regions (black); shared by two populations in Australia (pink), 
New Zealand (light blue), or between regions (grey); and private alleles (white; see color key in lower 
center). Human-associated (solid black) and agriculture/aquaculture-associated (dashed) wastewater 
sites are outlined in bold. A size key in the lower left corner represents the number of alleles sampled at 




Figure 3.2 Concatenated gene network of composite MHII for samples described in Figure 3.1. Alleles 
are represented as colored circles shared by three or more populations within Australia (red), New 
Zealand (dark blue), or between regions (black); shared by two populations in Australia (pink), New 
Zealand (light blue), or between regions (dark gray); and private alleles in Australia (white) or New 
Zealand (light gray; see color key in lower right). Alleles present at human-associated (solid black) and 
agriculture/aquaculture-associated (dashed) wastewater sites are outlined in bold. A size key in the upper 





Figure 3.3 Within region Australian (A and C, white markers) and New Zealand (B and D, grey markers) 
Mantel (rm; solid line) and partial Mantel (rm; dashed line) tests are reported for pairwise linear 
regressions of geographic distance (km) to composite MHII genetic distances for ST/FST (A and B, 
squares) or Dest (C and D, circles). The partial Mantel tests are adjusted for equivalent microsatellite 















































































































Figure 3.4 A multilevel AMOVA analysis of the composite MHII dataset demonstrating genetic variation 
within samples (black), between samples within sites (dark gray), between sites within the environmental 
type (light gray), between environmental types within regions (white), and between regions (medium 
gray). The three environmental types are outlined in bold (human-associated), normal (pristine-



























Figure 3.5 Bacterial orders for A) seawater (SW) and sediments (SD) and B) gut linings of 21 H. 
abdominalis specimens from sites <1 km from CSOs and terrestrial human wastewater (outlined in black), 
>10 km from terrestrial wastewater inputs (no outline), and <1 km from agricultural wastewater and 
aquaculture (dashed outline). Gut-associated orders are represented in red, marine-associated orders in 





























































































































































































































































































































Figure 3.6 A) Principal Coordinates Analysis on weighted unifrac distances for 2017 gut samples (16 
individuals) from Human (HU, black squares), Pristine (PR, white circles) and Agriculture (AG, gray 
triangles) sampling location types. The ANOSIM statistic testing for differences between types is reported 
in the key in the lower left corner. B) Venn diagram of microbial OTUs for the these samples showing co-












 The geographically widespread Hippocampus abdominalis shows immune genotype-microbe 
associations in coastal environments impacted by anthropogenic activity. Here we experimentally test the 
fitness consequences of microbial exposure in a common garden experiment with animals of known 
major histocompatibility class II (MHII) genotype. Early-stage fry were exposed to bacteria associated with 
MHII functional genotypes from pristine (Staphylococcus epidermidis) and urban (Photobacterium 
phosphoreum) sites. We predicted that fry carrying MHII functional genotypes associated with high levels 
of these bacteria in natural systems would show higher fitness than other genotypes, and that these 
individuals would show reduced fitness when exposed to the alternative bacterial strain. Of the twenty 
MHII functional genotypes tested, two conformed to our first prediction of increased fitness (A05/10 and 
A08/09) and three conformed to our prediction of decreased fitness (A02/11, A02/15 for survival and 
A10/15 for growth). Overall, fitness was higher for fry exposed to S. epidermidis, and lower for fry 
exposed to P. phosphoreum. Exposure to a combination of both bacteria produced variable responses 
between genotypes, underscoring the importance of evaluating mixed-effects common in natural 
microbial-host interactions. Host-microbe coevolution is an important engine of adaptive change. While 
statistical associations between host genotype and microbial abundance have been found in natural 




 Pathogen-mediated selection, in concert with heterozygote advantage, is thought to be 
responsible for the maintenance of one of the most polymorphic gene families in vertebrates, the major 
histocompatibility (MH) complex (Spurgin & Richardson 2010). Paradoxically this process is also 
responsible for significant genetic divergence at the local geographic scale (Bernatchez & Landry 2003). 
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Spatial variation in microbial communities is a unique, and poorly understood, source of environmental 
variation. As such, investigations to clarify the role that this form of environmental heterogeneity has on 
evolutionary processes are required to understand local adaptation (Dheilly et al. 2015; Fuhrman et al. 
2015; Penczykowski et al. 2015). 
 Microbial community composition and diversity show clear evidence of spatial structure in aquatic 
environments (Rusch et al. 2007). Recent studies report differences between nearshore sites influenced 
by terrestrial inputs (Neave et al. 2014; Mclellan et al. 2013; Layton et al. 2009). Nearshore marine 
animals come into regular contact with varying levels of gammaproteobacteria associated with both 
human and animal fecal contamination (Neave et al. 2014). Pathogenic human gut- and waste-associated 
microbes from families within the Firmicutes and Proteobacteria dominate in urban coastal environments 
impacted by untreated storm water and sewage from combined sewer overflows (CSOs; Neave et al. 
2014; Mclellan et al. 2013). These bacterial families are rare, however, in rural nearshore environments, 
where marine animals are exposed primarily to non-pathogenic members of Alphaproteobacteria and 
Firmicutes, along with low levels of acidobacteria and microorganisms associated with plants, soil and 
insects from differing sources of wastewater, groundwater, natural inputs and run-off (Mclellan et al. 2013; 
Layton et al. 2009). 
 A key function of the vertebrate adaptive immune system is the ability to identify and remember 
antigens encountered over an organism’s lifetime (Cooper & Alder 2006). The MH complex plays an 
essential role in this system. Recognition of foreign material (antigens) occurs on specialized receptors 
encoded by MH classes I and II.  MH class I genes are expressed on all cells and recognize intracellular 
antigens, while MH class II genes are expressed only on the surface of specialized antigen-presenting 
cells and recognize extracellular invaders such as bacteria and parasites (Janeway et al. 2001). The MH 
class II is composed of two linked genes, MHII, containing 4 exons, and MHII, containing 6 exons, 
which together form the biologically-active MH class II molecule (Janeway et al. 2001). High levels of 
genetic variation in the peptide-binding regions of both MHII and MHII allows for the identification of a 
larger assortment of microbial peptides, reducing susceptibility to infections (Penn et al. 2002). 
 Seahorse species have a minimal MH class II system, and individuals carry only a single copy of 
MHII and MHII (Wilson et al. 2014) instead of the multiple loci found in many vertebrate species 
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(Flajnik et al. 1999). Previous research has shown an excess of variation and functionally important 
genetic changes at MHII, the hallmark of strong positive selection (Wilson et al. 2014). The simplified 
structure of MHII and MHII in the seahorse makes this a tractable system to study the functional 
relationship between host MHII genotype and specific microbial constituents. 
 The pot-bellied seahorse, Hippocampus abdominalis, is also well suited for microbial-host 
investigations due to its limited dispersal capability and wide geographic distribution throughout 
southeastern Australia, Tasmania and New Zealand (Foster & Vincent 2004; Nickel & Cursons 2012; 
Ashe & Wilson 2020), characteristics that provide the opportunity for adaptation to local environmental 
conditions. Seahorse microbiomes from nearshore urban environments are highly diverse, and gut 
microbiomes of H. abdominalis from pristine- and human-associated sites significantly differ (Chapter 3). 
MHII genetic diversity in H. abdominalis is high, and specific MHII alleles at these sites are associated 
with gut microbes derived from their respective environments (Chapter 3), a potential signature of local 
adaptation. These results present an exciting opportunity to explicitly test field observations from the wild 
and to address a key question in host-microbial coevolutionary theory. 
 Studying the effects of microbial interactions on functionally important immune genes may help to 
explain an important cause of local adaptation. The experimental design presented here is designed to 
approximate a mechanism of exposure that wild animals experience in nearshore marine environments, 
in an attempt to explicitly test the fitness benefits of host-microbe associations identified by field studies. 
Experimental populations of H. abdominalis of known genotype were exposed to microbes correlated with 
human-associated or pristine nearshore environments, and genotype-specific growth and survival were 
measured as proxies for fitness. We predicted that individuals with MHII functional genotypes positively 
correlated with specific microbial operational taxonomic units (OTUs) in field populations would show 
higher fitness upon experimental exposure to these microbes in the lab, and individuals carrying MHII 
genotypes uncorrelated with these OTUs would show lower fitness relative to these animals. We 
predicted an intermediate response when individuals were exposed to both microbes, reflecting the fact 




4.2 MATERIALS AND METHODS 
 
4.2.1 Supertyping  
A previous comprehensive survey of H. abdominalis MHII genetic diversity across its geographic 
range recovered 160 unique MHII alleles (Chapter 3), reflecting a potential landscape of 326 MHII 
protein receptors (functional genotypes) on the surface of antigen presenting cells. Phased alleles were 
trimmed to functional open reading frames in Geneious Prime 2019.2.1 (https://www.geneious.com) for 
downstream analyses. 
Functional diversity of these MHII functional genotypes was assessed using supertyping, a 
method that classifies alleles into functional supertypes based on steric and functional similarity 
(Doytchinova & Flower 2005; Naugler & Liwski 2008). Supertypes were assessed based on the putative 
antigen-binding sites (ABS) of both the MHII and , which together make up the biologically active 
portion of the MHII protein receptor responsible for recognizing microbial peptides (Janeway et al. 
2001). Variation at nonsynonymous substitution sites underlies functional variation among supertypes, 
but homologous recombination has the potential to mask this signal. MHII protein receptors were first 
screened for recombinants using Recco v0.93 (10,000 permutations, minimum mutation savings criterion 
of 5; Maydt & Lengauer 2006). Putative recombinant sequences were removed from the dataset of 
potentially expressed proteins for downstream analyses.   
 Crystalography studies have shown that amino acids experiencing positive selection at MHII 
and  are generally involved in antigen binding (Reche & Reinherz 2003; Brown et al. 2015). Codon-
based postitive selection was identified using three models of the Hypothesis Testing using Phylogenies 
(HyPhy) open-source software (Kosakovsky Pond et al. 2005) hosted by Datamonkey (Delport et al. 
2010): Fixed Effects Likelihood (FEL), Mixed Effects Model of Evolution (MEME), and Single-Likelihood 
Ancestor Counting (SLAC). FEL inferred dN variation at each site individually using maximum likelihood 
(ML) estimation to determine statistically significant substitution rates per codon and its corresponding 
phylogeny (Kosakovsky Pond & Frost 2005). MEME detected episodic positive or diversifying selection 
on sites by ML estimation, inferring one dS and two dN  rates (Murrell et al. 2012). SLAC inferred dN 
and dS substitution rates for each site using ML and counting methods assuming constant selection 
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pressure across the phylogeny (Kosakovsky Pond & Frost 2005). Codons identified to be under positive 
selection in at least two of the three models were included for supertype clustering analyses. 
  Z-scale values for each sequence were computed for amino acids under positive selection based 
on physiochemical factors including lipophilicity, steric bulk, polarizability, polarity, charge, 
electronegativity, heat of formation, electrophilicity and hardness (Doytchinova & Flower 2005) in the R 
v3.6.3 software environment (R Core Team 2020) using the Peptides v2.4 package (Sandberg et al. 
1998; Osorio et al. 2015). A multivariate discriminant analysis of principal components (DAPC) was used 
to infer the number of functionally distinct MHII clusters using sequential K-means based on z-scales 
using the R adegenet v2.0.1 package (Jombart 2008; Jombart et al. 2010). A-score spline interpolation 
was used to identify the optimal number of principal components to retain for clustering. To account for 
potential variability in DAPC output, clustering was repeated 250 times to obtain a consensus K-mean of 
MHII supertypes. 
 
4.2.2 Host Selection 
 Breeding-aged adult H. abdominalis were purchased from Seahorse Australia (Beauty Point), a 
facility that maintains a large, genetically diverse captive-bred population (Bahr & Wilson 2011). These 
animals possess MHII supertypes functionally equivalent to those found in wild seahorses, but are naïve 
to the microbes encountered by their wild counterparts ensuring a lack of adaptive immunity to the 
treatment microbes, making them ideal subjects to test our hypotheses. Seahorses were imported under 
CITES permit PWS2018-AU-001228. Experimental activities were conducted under approval #287 from 
the Brooklyn College Institutional Animal Care and Use Committee (IACUC). 
Adults were housed in a large (2,184 L) recirculating marine system segregated by sex on a cycle 
of 14:10 hours (light:dark) and fed (mysids, artemia) twice a day until repletion. Animals were genotyped 
at the MHII following methods published elsewhere (Wilson et al. 2014). Individuals selected by 
MHII supertype were bred and monitored prior to giving birth per protocols described by Whittington et 
al. (2013). Parentage details are listed in Table 4.1. Newborn fry were immediately transferred to 20 L 
Kreisel tanks connected to the main system with polyethylene 16 mm mesh and 3 mm ribbons as 
holdfasts and fed live Artemia franciscana nauplii four times a day at a rate of 1000 nauplii/fry*day 
 65 
(Woods 2000). Natural fry mortality both in the wild and captivity are highest within the first few weeks 
(Woods 2000), therefore fry were maintained in Kreisel tanks for approximately five weeks (range of 13-
55 days).  
 
4.2.3 Microbe selection 
 Microbial candidates for exposure experiments were identified based on significant correlations 
between gut microbiome OTU absolute abundance and MHII functional supertypes in natural populations 
using methods described elsewhere (Figure 4.1; Chapter 3). OTUs with the strongest correlations to 
either human-associated (H) or pristine-associated (P) functional supertypes (Figure 4.2) were identified 
via BLAST searches in GenBank (Benson et al. 2013). Ideal OTUs could strongly predict the presence of 
only one of these two supertype groups, and were found in lesser to no relative abundance and 
uncorrelated with the alternate supertype. 16S sequences with 100% query coverage and >98% matching 
identity were further investigated via primary literature review to ensure that candidate microbes were 
derived from a relevant source. Bacterial strains were purchased and initially cultured on agar plates 
according to facility guidelines (ATCC, Manassas, Virginia). Live cells were removed from the agar 
surface with a sterile swab, suspended in liquid media, mechanically homogenized using a cell disruptor, 
and diluted to OD600=0.006 for immersion exposure and OD600=0.024 for Artemia nauplii culture 
inoculation (Thermo Fisher Scientific, Waltham, Massachusetts).  
 Of the 40 microbial OTUs significantly correlated with MHII genotypes in natural populations, 
nine met the BLAST search criteria for this experiment. Photobacterium phosphoreum (ATCC 35080) was 
the top candidate associated with a H supertype. This microbe was first identified in marine teleosts and 
is considered a pathogen of fish (Reichelt & Baumann 1973; Warsen et al. 2004). A non-biofilm forming, 
non-infectious strain of Staphylococcus epidermidis (ATCC 12228) was the top candidate associated with 
a P supertype (Zhang et al. 2003). This microbe is often associated with mammals including humans, but 
has also been found in marine environments (e.g. accession numbers KY681717, KY790453), freshwater 
habitats (e.g. accession numbers LC349806, MH259917), and terrestrial soils (e.g. accession numbers 
MF319773, MH118521, MH683097, MK456474). 
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4.2.4 Experimental system 
 Four independent 20 L recirculating marine experimental systems consisting of 3 5 L holding 
tanks and a 5 L Ecco 2232 canister filter (Eheim, Deizisau, Germany) held fry for the duration of exposure 
trials (Figure 4.3), which were repeated three times. Water parameters were held constant for the duration 
of each trial including temperature (18.5  0.5C), pH (8.2  0.2), salinity (31  0.5 ppt) dissolved oxygen 
(>90%), and a 14:10 hour light:dark regime. Exposure conditions included S. epidermidis (pristine), P. 
phosphoreum (human), and a 1:1 ratio of both microbes (mixed; Dheilly et al. 2015), to explore potential 
interactive affects caused by exposure to a mixed culture. The final condition (control) did not receive 
experimental microbial inoculation. All conditions were included for each trial, each of which was carried 
out over 28 days. 
 Fry from each clutch were randomly assigned to experimental tanks on day 0, and allowed to 
acclimate for 12 hours. On day 1 and again on day 8, exposure systems were inoculated with 4.7x106 
bacterial cells/g of seahorses by wet weight (e.g. Douglas-Helders et al. 2002). A. franciscana cysts were 
cultured with 1.90x102 bacterial cells/nauplius and fed live to fry twice each day for a total of 1000 
nauplii/fry*day (e.g. Eizaguirre et al. 2012). These methods provide microbial exposure via the three main 
pathways for syngnathids, through the gills, gut and skin (Tanu et al. 2012; LePage et al. 2015). Uneaten 
artemia and fecal pellets were siphoned daily prior to the first feeding of the day. Bacterial dosages were 
modelled after similar exposure trials (Gildberg & Mikkelsen 1998; Douglas-Helders et al. 2002; Martins et 
al. 2010; Eizaguirre et al. 2012). Bacterial exposure was assessed using 16S rRNA microbial 
metagenomic sequencing of gut tissues from two representative fry from each condition at the conclusion 
of the experiment following methods published elsewhere (Chapter 3). 
 
4.2.5 Fitness measurements 
Wet weight (wwt), standard length (SL) and survival were measured in experimental animals both 
before and after trials as proxies of relative fitness (Woods 2000; Lourie 2003). Preliminary work revealed 
that the measuring process negatively impacted condition and survival in early-stage animals. Therefore, 
~10% of fry randomly selected from each clutch were withheld from the experiment for initial 
measurements on day 0. Fry were euthanized in a 0.2 mg/ml solution of tricaine methanesulfonate, 
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weighed and photographed. On days 1-27, experimental tanks were checked twice daily to count live and 
remove dead fry. Dead fry were weighed and photographed with the date recorded for mortality. On day 
28, surviving fry were euthanized, weighed and photographed. Following each trial, all fry were 
genotyped, and SL was measured from photographs using ImageJ v2.1.0/1.53c (Schneider et al. 2012). 
 For seahorse fry, the complete MHII exon 2 (246 bp) was PCR amplified and sequenced using 
methods described elsewhere (Wilson et al. 2014). Downstream analyses focused on MHII genotypes 
because the MHII and MHII loci are linked. Fry were a posteriori assigned to supertype groups based 
on parental MHII linked genotypes and PHASE analyses (see Chapter 3).  
 Analysis of variance (ANOVA) was used to compare means of condition, genotype and supertype 
within and across trials in the R packages tidyverse v1.3.0 (Wickham et al. 2019) and broom v0.7.2 
(Robinson et al. 2020). Fry born to clutches at similar time points had equivalent size ranges despite age 
or genotype at the start of the trials. Initial fry measurements were pooled for four cohorts: 5/1/19-6/12/19 
(3 clutches, wwti=0.012-0.063 g, SLi=2.009-3.901 cm), 7/16/19-7/16/19 (2 clutches, wwti=0.021-0.054 g, 
SLi=2.824-4.047 cm), 7/21/19 (2 clutches, wwti=0.016-0.050 g, SLi=2.409-3.530 cm), and 8/1/19-8/6/19 (2 
clutches, wwti=0.019-0.031 g, SLi=2.813-3.159 cm; see Table 4.3 for genotype averages). Cohort 
averages of initial wwt and SL were subtracted from individual final wwt and SL to determine the change 
in wwt (wwt) and change in SL (SL) for individual fry. wwt values were normalized by natural log 
transformation and centered on the trial mean. SL data was also mean centered, but did not require 
natural log transformation to achieve normality. Survival was represented by the number of days the 
animal survived in the trial. One- and two-way ANOVAs were modelled for all combinations of 
independent and dependent variables, including interaction terms and blocking trial as a potentially 
confounding variable. The corrected Akaike information criterion (AICc) was used to determine the best-fit 
model for each dependent variable with the R package AICcmodavg v 2.3-1 (Mazerolle 2020). Best-fit 
models were checked to ensure they followed the assumption of homoscedasticity, and Tukey’s honestly 
significant difference (HSD) post-hoc tests were performed to assess which comparisons between sample 





4.3.1 Host identification 
Supertyping analysis allowed us to characterize patterns of functional and evolutionary similarity 
among the 326 potentially expressed functional MHII sequences. Recombination was detected at five 
sites in the locus, and six functional sequences containing these sites were removed from the dataset. 
Evidence of postive selection was detected for 36 codons by two or more of the three HyPhy models, and 
z-scales were successfully generated from amino acid sequences. A-score spline interpolation 
recommended retention of 13 PCs for optimal DAPC analyses, which expained 99.6% of the variation 
observed. Replicate clustering steps reported a range of 10 to 29 potential supertypes with a mode of 17 
selected in 31/250 tests carried out using all sequences. Of these 17 functional supertypes, one 
contained genotypes of wild-caught seahorses from human-associated nearshore sampling locations 
highly correlated with P. phosphoreum found in gut microbiomes (H; 19 sequences). A  second cluster 
contained MHII alleles of individuals sampled from pristine-associated sampling sites correlated with S. 
epidermidis (P; 13 sequences). A third cluster contained sequences that correlated with gut microbial 
OTUs from individuals found at both sampling site types including correlations with both P. phosphoreum 
and S. epidermidis (HP; 36 sequences). Eleven clusters contained sequences that were not correlated 
with bacteria these bacteria (NC; 252 sequences), and the three remaining supertypes did not contain 
alleles from wild seahorses (67 sequences). 
From the captive adult population, eight males and seven females were selected for breeding 
(see Table 4.1). Twenty functional genotypes, predicted to be heterozygous by supertype based on 
parental composite MHII alleles, were identified in the F1 fry and categorized into three functional 
supertype groups (HP1, HP2 and HP3) for the second and third trial (see Table 4.2). One of the 
genotypes (A10/94) resulted from a single G→A transition germline mutation at base pair 43 in the A02 
allele producing the A94 allele. Genotype data are unavailable for the first trial. 
 
4.3.2 Microbial identification 
 16S sequencing of eight representative fry guts (2H, 2P, 2M, 2C) yielded 18,643-100,674 reads, 
which were rarefied to 8,158 reads per sample to standardize for differences in library sequencing depth 
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and for comparison of OTU assemblages from Chapter 3. The number of OTUs per individual ranged 
from 203 to 1,158 with an average of 381 and median of 277. Microbial assemblages and diversity were 
comparable to Chapter 3 wild seahorses. Overall, no clear differences were detected between 
treatments. OTUs from the order Mycoplasmatales (7%-82%) were predominant in each sample with 
varying levels of Vibrionales (0.28%-32%), which is consistent with aquacultured juveniles of other marine 
fish species (Karlsen et al. 2017; Minich et al. 2020; Rimoldi et al. 2020). Thirty-three strains of 
Photobacterium were found in the dataset with 86.1% to 94.3% sequence identity match to the bacterium 
used in the H exposure trial, but we did not recover the target P. phosphoreum strain in any of the eight 
microbiomes. Nine strains of S. epidermidis were found at low frequencies (<1%) in seven of the eight 
microbiomes with 90.2% to 99.8% sequence identity match to the target P treatment bacterium. One P 
treatment strain (99.8% identity match) was found in the gut microbiome of an H treatment animal. Due to 
the ubiquity of S. epidermidis in the natural environment, and the absence of this strain in the other seven 
animals, exposure was most likely not from experimental contamination. These results are not surprising 
over a 28-day exposure period, which was long enough to have an effect on fitness but not long enough 
to see establishment of the target bacteria in the gut tracts of juvenile seahorses, similar to other juveniles 
whose gut microbiomes are more susceptible to strong short-term environmental changes than adults 
(Wegner et al. 2012; Vences et al. 2016; Sullam et al. 2017). 
 
4.3.3 Experimental trial results 
 Following the experiment, fitness and survival data were evaluated between exposure trials to 
verify that replicate experiments were consistent. This was especially critical for the first trial due to a 
hypoxic event resulting in early termination of the trial on day 22. The problem was corrected prior to the 
second and third trials (see Table 4.3 for initial and final values), which were carried out to day 28 
according to the original experimental design. ANOVA revealed that dependent variable means were 
significantly different between trials for wwt (trial 1=0.006 g, trial 2=0.020 g, trial 3=0.012 g; p<0.001), 
SL (trial 1=-0.096 cm, trial 2=0.593 cm, trial 3=0.316 cm; p<0.001) and survival (trial 1=9 d, trial 2=17 d, 
trial 3=21 d; p<0.001). Sample means for trials 2 and 3, however, were not significantly different for wwt 
(p=0.923) or SL (p=0.964), but survival was significantly different between these trials (p<0.001). Trial 1 
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was removed from the pooled dataset and analyzed separately, and models incorporating trial as a 
blocked variable were evaluated for the remaining analyses. 
 For trial 1, sample wwt means for the pristine (4.63x10-5 g; p=0.003) and mixed (2.57x10-4 g; 
p=0.004) conditions were significantly lower than the negative control group (0.021 g). Mean wwt for the 
human condition (0.004 g) was not significantly different from any other condition. SL was not 
significantly different between experimental conditions (SL C=-0.076 cm, SL H=-0.087 cm, SL M=-
0.124 cm, SL P=-0.098 cm; p=0.392). All paired sample mean comparisons were significantly different 
for survival (p<0.001) with the negative control group having the longest average survival (14.5 d), 
followed by the pristine (12.6 d), human (6.8 d) and mixed conditions (4.3 d). The hypoxic event had the 
greatest impact on survival, negating the validity of these results. Dissolved oxygen levels remained 
above 90% for the first fourteen days of the experiment, but dramatically fell between days 15 and 22. 
The impact of the hypoxic event on wwt or SL was unclear. We determined that the first trial could not 
contribute meaningfully to our hypotheses regarding genetic contributions to fitness. Data for these 
samples were not included in subsequent analyses. 
 Dependent variables for fitness and survival were significantly different by condition, functional 
supertype and genotype per one-way ANOVA models for the pooled trials 2 and 3. Mean wwt (0.018 g; 
p<0.02) and SL (0.533 cm; p<0.05) were significantly larger for the pristine condition than the human 
condition for these experiments (wwt=0.008 g, SL=0.303 cm), and the human condition group had a 
significantly lower rate of survival (H=16.2 d; p<0.01) than the other three conditions (C=20.2 d, M=20.2 
d, P=21.5 d; Figure 4.4). No other one-way condition comparisons were significant. Supertype 
comparisons for HP1-HP3 (wwt HP1=0.016 g, wwt HP3=0.005 g; p<0.001) and HP2-HP3 (wwt 
HP2=0.016 g; p<0.006) were significantly different for wwt. Means for HP1 for SL (HP1=0.506 cm) and 
survival (22.8 d) were significantly different from HP2 (SL HP2=0.388 cm; p<0.01; survival HP2=18.4 d; 
p<0.001) and HP3 (SL HP3=0.265 cm; p<0.01; survival HP3=18.9 d; p<0.05; Figure 4.5). No other 
supertype comparisons were significant. For genotype comparisons, 30 wwt, 16 SL, and 35 survival 
pairs were significantly different out of 190 comparisons for each dependent variable. Noteworthy 
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genotype comparisons are described below. Tests of homoscedasticity did not find bias in the variances 
between any of the sample means described.  
 Best-fit two-way ANOVAs were identified for each dependent variable, testing for condition with 
MHII functional supertype and genotype (Table 4.4). Lowest AICc values selected standard two-way 
models to explain variation for wwt and SL by condition with either type of genetic data. Survival 
variation was best explained by condition and genotype while blocking the trial variable. This is not 
surprising as the initial one-way ANOVA was significantly different between trial 2 and 3 as reported 
earlier. Interaction terms were tested for each combination of independent and dependent variables. Only 
one model had a statistically significant interaction (survival = condition + supertype + condition*supertype 
+ (trial); p<0.05), and trial was also blocked for the best-fit model. Ultimately interaction terms did not 
meaningfully contribute to any of the other models that best explained dependent variable variation. Table 
4.5 articulates each best-fit model and identifies the level of statistical significance for model terms. All 
tests supported the assumption of homoscedasticity. 
Tukey’s HSD tests identified significant sources of variation between sample means within each 
modeled ANOVA. A subset of supertype comparisons was significant, and the most striking differences 
were between the human and pristine conditions. Fry in the human condition carrying the HP3 supertype 
had significantly lower wwt (-0.003 g) than fry with the other supertypes (wwt HP1=0.016 g; p<0.001; 
wwt HP2=0.016 g; p<0.006) and fry in the pristine condition (wwt P=0.018 g; p<0.02). HP3 fry from the 
human condition had a significantly lower mean SL (-0.018 cm) than fry with supertype HP1 (0.506 cm; 
p<0.003) and fry in the pristine condition (0.533 cm; p<0.05). HP1 fry from the pristine (21.9 d; p<0.02), 
mixed (26.1 d; p<0.001) and negative control (25.1 d; p<0.001) conditions experienced higher survival 
than fry with the HP2 (16.0 d) and HP3 (11.3 d) supertypes from the human condition. Overall, HP3 fry in 
the human condition had lower fitness and lowest survival than any other group within the experiment, 
and fry in the mixed condition with the HP1 supertype had the highest means for wwt (0.022 g; 
p<0.001), SL (0.613 cm; p<0.007) and survival (26.1 d; p<0.005).  
 Closer examination within the supertypes revealed three genotypes from HP1 (A02/11, A05/10 
and A08/09), one from HP2 (A10/17), and two from HP3 (A08/10 and A15/17) that contributed most to 
meaningful differences seen between genotypes (Table 4.6). Genotypes A02/11(wwt=0.024 g; p<0.008; 
 72 
SL=0.653 cm; p<0.03; survival=25.5 d; p<0.04), A08/09 (wwt=0.025 g; p<0.01; SL=0.710 cm; p<0.04; 
survival=25.7 d; p<0.05) and A08/10 (wwt=0.021 g; p<0.05; SL=0.722 cm; p<0.04; survival=26.8 d; 
p<0.03) had significantly higher growth and survival than the other genotypes, while genotypes A05/10 
(wwt=-0.001 g; p<0.04; SL=0.032 cm; p<0.001; survival=15.7 d; p<0.05), A10/17 (wwt=-0.004 g; 
p<0.05; SL=0.007 cm; p<0.05; survival=10.4 d; p<0.002) and A15/17 (wwt=-0.009 g; p<0.04; SL=-
0.078 cm; p<0.04; survival=12.7 d; p<0.04) exhibited significantly lower growth and survival. These 
differences contributed to the significance between the pristine and human treatments for wwt (P=0.018 
g, H=0.008 g; p<0.01), SL (P=0.533 cm, H=0.303 cm; p<0.05) and survival (P=21.5 d, H=16.2 d; 
p<0.001). 
 A08/09 provided the best demonstration of a pristine-associated advantage of a specific 
genotype. Fitness was higher for these fry (wwt=0.039 g; SL=1.058 cm; survival=28.0 d) than those in 
the human (wwt=0.008 g; SL=0.428 cm; survival=21.5 d) and non-treatment control conditions 
(wwt=0.016 g; SL=0.495 cm; survival=24.3 d), and fry from the mixed condition (wwt=0.035 g; 
SL=0.894 cm; survival=28.0 d) were intermediate, suggesting a potential benefit of the A08/09 in the 
presence of S. epidermidis. A05/10 was the only genotype showing improved performance in the human 
condition relative to the other genotypes (wwt=0.010 g; SL=0.549 cm; survival=18.0 d). Means for the 
pristine (wwt=-0.005 g; SL=-0.149 cm; survival=14.8 d), mixed (wwt=-0.006 g; SL=-0.095 cm; 
survival=12.5 d) and control (wwt=-0.004 g; SL=-0.254 cm; survival=17.5 d) treatments were similar, 
also suggesting a potential fitness benefit for A05/10 carriers when exposed to P. phosphoreum. Sample 
means for A02/11 were lower for fry in the human condition (wwt=0.013 g; SL=0.381 cm; survival=19.7 
d) than those in the pristine condition (wwt=0.040 g; SL=0.895 cm; survival=28.0 d), and fry from the 
mixed condition (wwt=0.024 g; SL=0.630 cm; survival=28.0 d) and control (wwt=0.022 g; SL=0.713 
cm; survival=25.3 d) were intermediate, demonstrating that A02/11 fry may not be able to detect or mount 
an effective immune response to P. phosphoreum.  
 Genotypes A08/10 and A10/17 had lower sample means in the mixed treatment (A08/10: 
wwt=0.012 g; SL=0.547 cm; survival=25.3 d; A10/17: wwt=-0.010 g; SL=-0.178 cm; survival=8.7 d) 
than human (A08/10: wwt=0.024 g; SL=0.682 cm; survival=28.0 d; A10/17: wwt=-0.005 g; SL=0.078 
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cm; survival=10.0 d) or pristine (A08/10: wwt=0.049 g; SL=1.148 cm; survival=28.0 d; A10/17: 
wwt=0.004 g; SL=0.143 cm; survival=12.4 d) treatments, but demonstrated similar means to the 
control (A08/10: wwt=0.012 g; SL=0.658 cm; survival=28.0 d; A10/17: wwt=-0.010 g; SL=-0.162 cm; 
survival=8.5 d). Mixed condition fry with the A15/17 genotype had the largest size gain and survival 
(wwt=0.010 g; SL=0.415 cm; survival=17.0 d), over fry in the human (wwt=-0.013 g; SL=-0.075 cm; 
survival=10.7 d), pristine (wwt=-0.013 g; SL=-0.212 cm; survival=12.0 d) and control treatments 
(wwt=-0.008 g; SL=-0.070 cm; survival=13.8 d). Overall, six genotypes in mixed treatment fry 
demonstrated intermediate fitness between the human and pristine treatments (A02/02, A02/03, A02/11, 
A04/10, A05/10, A08/09), six genotypes had higher fitness than the single microbe treatments (A02/05, 
A04/09, A10/11, A10/94, A15/15, A15/17), seven genotypes had lower fitness than the single microbe 
treatments (A02/10, A02/15, A03/10, A05/15, A08/10, A10/15, A10/17), and one genotype was not found 
in the mixed treatment (A03/15). 
 A further breakdown of these results including independent variable interaction terms highlighted 
the highest and lowest performing genotype means within each condition for each dependent variable 
after Bonferroni correction (Figure 4.6). For wwt (Figure 4.6 A), H condition A10/15 (wwt=-0.006 g) was 
significantly lower than P treatment genotypes A02/02 (wwt=0.024 g; p=0.008), A02/10 (wwt=0.056 g; 
p=0.003), A02/11 (wwt=0.040 g; p=0.022), and A08/10 (wwt=0.049 g; p=0.011), and significantly lower 
than M treatment genotypes A08/09 (wwt=0.035 g; p=0.019) and A10/11 (wwt=0.036 g; p=0.039). H 
treatment A10/15 (wwt=-0.006 g; p<0.001), P treatment A15/17 (wwt=-0.013 g; p=0.036), and M 
treatment genotype A10/15 (wwt=-0.021 g; p=0.022) were significantly lower than C condition genotype 
A10/94 (wwt=0.097 g). For SL, H treatment genotype means for A10/15 (SL=-0.195 cm; p=0.023) 
and A02/15 (SL=0.040 cm; p=0.031) were significantly lower than C treatment A10/94 (SL=1.751 cm), 
and H treatment A10/15 (SL=-0.195 cm; p=0.047) was also lower than M treatment A10/94 (SL=2.443 
cm). For survival, H treatment genotype A02/15 (6.8 d) had a significantly lower mean than four 
genotypes in the P treatment ([A02/02: 24.5 d; p=0.001]; [A02/03: 22.4 d; p=0.005]; [A02/11: 28 d; 
p=0.031]; [A08/10: 28 d; p=0.031]), five genotypes in the M treatment ([A02/11: 28 d; p=0.006]; [A04/09: 
28 d; p=0.030]; [A08/09: 28 d; p=0.006]; [A08/10: 25.3 d; p=0.012]; [A10/11: 28 d; p=0.031]), and three 
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genotypes in the no treatment C condition ([A04/10: 26 d; p=0.034]; [A08/10: 28 d; p=0.027]; [A10/11: 28 
d; p=0.006]). These results must be considered with caution however because models including condition 
by genotype interaction terms were the second poorest-fit for wwt and SL, and while the best-fit model 
for survival included the interaction term, trial was required as a blocked variable due to differences 




The determination of the selective forces responsible for patterns observed in the natural 
environment requires a deconstruction of many multifaceted interactions. Focusing on species-level 
interactions within larger communities provides a tractable approach to the study of these questions (i.e. 
Tims et al. 2011; Weissbrod et al. 2018; Awany et al. 2019). Testing genotype-microbe correlations from 
the natural seahorse gut microbiomes in a controlled setting allowed us to identify statistically significant 
responses among hosts. Passive microbial exposure, mimicking interactions common in nearshore 
marine environments, proved successful despite the prevalence of more invasive methods of 
experimental exposure (Gildberg & Mikkelsen 1998; Douglas-Helders et al. 2002; Martins et al. 2010; 
Eizaguirre et al. 2012). Our proxies for fitness—wwt, SL and survival—were suitable for demonstrating 
advantages and disadvantages of specific genotypes in each exposure condition. 
Defining the role of specific microbes within a host’s gut microbiome is an expanding topic in the 
field of microbial ecology (Antwis et al. 2017). High abundance of a particular microbial OTU could reflect 
a symbiotic relationship, in which the host has evolved tolerance for a bacterial strain that provides a 
beneficial metabolic function in the gut (Sonnenburg et al. 2004). Alternatively, the bacteria could 
represent a consistent, low-level infection that persists because of a lack of genetic or physiological 
immunity (Kato et al. 2014). As a third alternative, the bacteria in high abundance may have direct 
antagonistic effects against particular pathogens independent of the host immune response (Hansen & 
Olafsen 1999). Established populations of wild H. abdominalis are more likely to experience a beneficial 
effect from a microbe without genetic immunity, or a detrimental effect mitigated by genetic immune 
protection, depending on how the host adapted to its metagenomic environment (Sullam et al. 2012). H. 
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abdominalis settling areas affected by human activity are more likely to encounter the persistent, low-level 
infection scenario with fluctuating inputs from urban wastewater, agriculture and aquaculture leading to 
potential divergence between populations due to local adaptation (McLellan et al. 2013; Neave et al. 
2014). 
We predicted that captive fry with MHII genotypes or supertypes statistically correlated with 
microbes from a particular gut microbiome would exhibit higher fitness upon novel exposure to that 
microbe. Many studies (e.g. McLellan et al. 2010; Madoux-Humery et al. 2013; Shanks et al. 2013; 
Lavenir et al. 2014), including our earlier work (Chapter 3), have identified metagenomic characteristics 
specific to wastewater derived from human activities, which are absent or in lower concentration in more 
remote locations. The ability to adapt to sites heavily impacted by human activity could be tremendously 
beneficial. We encountered one example of this relationship for the human-associated condition (A05/10) 
and one for the pristine-associated condition (A08/09). In both cases, the predicted genotype 
demonstrated higher fitness than the no-treatment control group and significantly higher fitness than the 
alternative single microbe treatment. We also predicted that fry carrying human-associated functional 
alleles exposed to a novel pristine-associated microbe, or fry with pristine-associated alleles exposed to a 
novel human-associated microbe, would have lower fitness than the control group. We found only two 
examples of this, both involving genotypes that exhibited reduced fitness when exposed to a human-
associated gut-derived microbe (significant A02/11; not significant A04/09). These two examples are 
especially important, as they reflect an increasingly common scenario that occurs as humans continue to 
encroach upon natural areas. There were limitations to the strength of these conclusions due to poor 
model fit of condition by genotype interaction terms for growth metrics and low sample numbers per 
genotype, but these data provide a promising first look justifying repeat studies with larger sample sizes 
and genotypes to target for exposure trials. 
 Overall, fitness and survival were significantly higher in the pristine exposure condition than the 
human exposure condition in all three trials. The pristine-associated gut bacteria, S. epidermidis, has 
previously been studied in humans (Zhang et al. 2003), but this bacterium is also ubiquitous in marine 
environments. S. epidermidis infections in humans and mammals are uncommon with the exception of 
immunocompromised hosts (Zhang et al. 2003). Perhaps this species provided a symbiotic or commensal 
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benefit to seahorse hosts as described earlier. P. phosphoreum, in contrast, appeared to have a negative 
impact on fry fitness and survival independent of host genotype. This species has previously been 
described as a fish pathogen (Warsen et al. 2004), but both wild and captive seahorses appear to tolerate 
high abundances of this microbe within their gut (Ashe and Wilson, unpublished). P. phosphoreum has 
been found in intestinal microbiomes of several marine teleosts, and appears to cycle between highly 
proliferative and oligotrophic states (Ruby & Morin 1979; Hansen & Olafsen 1999). These results suggest 
that, similar to other teleosts, the H-associated microbe P. phosphoreum may be pathogenic to H. 
abdominalis as well (Warsen et al. 2004).  
 Results from the mixed microbial exposure condition were the least predictable in our experiment. 
For more than half of the genotypes, similar fitness means were observed for the mixed and no-treatment 
controls, even in cases in which separate pristine or human treatments showed clear fitness differences. 
This contradicted our prediction that the mixed group would most likely yield results intermediate to the 
isolated microbe conditions. We saw our predicted intermediate outcome with only six of the twenty 
genotypes, and most surprisingly, one genotype had significantly higher fitness than the other treatments 
(A15/17) while an additional two genotypes had significantly lower fitness than the other treatments 
(A08/10 and A10/17). This result is a reminder that microbial interactions within the host are influenced by 
a number of factors (e.g. microbiome composition, concentrations of microbial constituents, abiotic 
conditions) complicating predictions about host performance when exposed to these microbes in 
isolation. Further investigation would be necessary to discern whether microbial interactions benefit (or 
harm) the host directly or indirectly by competitive inhibition or mutualism with other constituents of the 
microbial community (e.g. Dheilly 2014). 
 Although supertyping was an effective method for translating patterns of endemic population 
structure to a captive population, genotype-based results were ultimately more informative. Supertyping 
was helpful when attempting to characterize genotypes for breeding, but may not fully encompass antigen 
binding interaction of individual genotypes. The complexity of our study design also emphasizes the 
difficulty of breeding a diverse, non-model species in which mate choice, or in some cases mate refusal, 
hindered acquisition of desired genotypes in expected numbers (Bahr et al. 2012). Naturally high juvenile 
mortality is also a significant challenge in our experimental setting, but can be overcome by rearing fry 
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beyond the critical phase of early development. Multi-generational investigations could provide increased 
statistical power and better control for genetic background, but the average seahorse age to maturity and 
required animal care would make this time and resource prohibitive. Despite these experimental 
challenges, seahorses have a uniquely tractable MHII genetic system, something that simplifies the 
interpretation of genotype-microbe associations. This remains the largest advantage over the multiple 
gene copy suites in model organisms such as sticklebacks, zebrafish or mice. 
 Our experimental results offer a unique window into the functional basis of adaptive immune 
variation, explaining the high levels of MHII genetic diversity in a common garden experiment. Improving 
the scale and scope of these experiments, focusing on genotypes showing promising associations could 
strengthen current significant findings, and multi-generation exposure trials could help to infer selection 
for specific alleles with specific microbes out of a larger pool of potential candidates (Eizaguirre et al. 
2012). Such experiments provide insight into specific host-microbial relationships, and help to improve 





Table 4.2 Details for the F1 experimental generation are listed by trial for MHII heterozygote supertype 
group and MHII genotype including number of individuals (nS and nG respectively). Total number of fry 























































Table 4.3 Average initial measurements (wet weights and standard lengths) and average final 
measurements (wet weights, standard lengths, and survival) are listed for MHII genotypes for trials 2 
and 3. 
 
Supertype Genotype wwtinitial (g) wwtfinal (g) SLinitial (cm) SLfinal (cm) Survival (d) 
HP1 
A02/05 0.026 0.054 2.98 3.73 24.8 
A02/11 0.026 0.050 2.98 3.63 25.5 
A04/09 0.036 0.041 3.26 3.66 22.3 
A05/10 0.036 0.035 3.26 3.29 15.7 
A05/15 0.036 0.037 3.26 3.40 19.3 
A08/09 0.040 0.065 3.50 4.21 25.7 
A10/11 0.026 0.052 2.98 3.71 24.7 
HP2 
A02/02 0.038 0.051 3.34 3.75 19.2 
A02/03 0.038 0.054 3.36 3.74 18.8 
A02/10 0.036 0.066 3.22 3.98 20.6 
A03/10 0.036 0.048 3.22 3.71 15.4 
A03/15 0.036 0.060 3.22 3.83 15.0 
A10/17 0.036 0.033 3.26 3.26 10.4 
A10/94 0.036 0.112 3.22 4.87 22.6 
HP3 
A02/15 0.036 0.037 3.22 3.36 6.9 
A04/10 0.040 0.051 3.50 3.85 23.4 
A08/10 0.036 0.058 3.26 3.98 26.8 
A10/15 0.036 0.029 3.22 3.19 19.9 
A15/15 0.036 0.047 3.22 3.65 24.0 




Table 4.4 ANOVA models testing independent (IV; condition with either supertype or genotype) and 
dependent (DV; wwt = change in wet weight, SL = change in standard length, or survival) variables are 
listed for the pooled dataset of trials 2 and 3 with corrected Akaike information criteria (AICc) and log-
likelihood (LL). In all cases, the independent variable blocked was trial. Best-fit models for each 
comparison are in bold. 
 





two-way 534.74 -260.21 
two-way + blocking 536.41 -260.00 
one-way, supertype 540.06 -265.97 
two-way + interaction 540.08 -256.51 





two-way 624.31 -305.00 
two-way + blocking 624.97 -304.28 
one-way, supertype 627.98 -309.93 
two-way + interaction 628.24 -300.59 





two-way + interaction + blocking 2438.9 -1204.83 
two-way + blocking 2439.52 -1211.55 
two-way + interaction 2445.63 -1209.28 
two-way 2447.94 -1216.81 
one-way, condition 2467.13 -1228.48 





two-way 484.59 -216.48 
blocking 486.90 -216.48 
one-way, genotype 493.52 -224.37 
one-way, condition 545.71 -267.77 





two-way 585.46 -266.91 
two-way + blocking 587.02 -266.53 
one-way, genotype 595.27 -275.25 
one-way, condition 634.10 -311.96 





two-way + blocking 2365.85 -1155.95 
two-way 2389.53 -1168.95 
one-way, genotype 2414.47 -1184.85 
one-way, condition 2467.13 -1228.48 




Table 4.5 Two-way ANOVA best-fit models selected by lowest AICc are listed for each dependent 
variable (wwt = change in wet weight, SL = change in standard length, and survival) for independent 
variables (Condition + Supertype and Condition + Genotype). Variables in parentheses in the table are 
blocked terms. Asterisks denote significance of each model term (*p<0.05, **p<0.01, ***p<0.001). 
 
Best-fit Model AICc 
wwt = Condition* + Supertype*** + Residual 534.74 
SL = Condition* + Supertype** + Residual 624.31 
Survival = Condition*** + Supertype** + (Trial)*** + Residual 2438.9 
wwt = Condition** + Genotype*** + Residual 484.59 
SL = Condition* + Genotype*** + Residual 585.46 





Table 4.6 A Genotype means and significance for two-way ANOVA best-fit model for wwt = Condition + 
Genotype. Condition was significant between H (lower) and P (upper) treatments (p=0.004) and between 
H (lower) and M (upper) treatments (p=0.046). Comparisons are significant after Bonferroni correction. 
 
Genotypelower wwt Meanlower Genotypeupper wwt Meanupper p-value 
A10/15 -0.006 A10/94 0.077 <0.001 
A10/15 -0.006 A02/05 0.028 <0.001 
A10/15 -0.006 A10/11 0.026 <0.001 
A10/15 -0.006 A02/11 0.024 <0.001 
A10/15 -0.006 A08/09 0.025 <0.001 
A10/15 -0.006 A02/10 0.030 <0.001 
A15/17 -0.009 A10/94 0.077 <0.001 
A10/15 -0.006 A08/10 0.021 <0.001 
A10/15 -0.006 A02/02 0.012 0.001 
A10/17 -0.004 A10/94 0.077 0.001 
A15/17 -0.009 A02/05 0.028 0.001 
A15/17 -0.009 A10/11 0.026 0.001 
A10/15 -0.006 A02/03 0.015 0.001 
A15/17 -0.009 A02/11 0.024 0.002 
A15/17 -0.009 A08/09 0.025 0.002 
A10/17 -0.004 A02/05 0.028 0.003 
A15/17 -0.009 A02/10 0.030 0.003 
A10/17 -0.004 A10/11 0.026 0.004 
A10/17 -0.004 A02/11 0.024 0.007 
A05/10 -0.001 A10/94 0.077 0.007 
A10/17 -0.004 A08/09 0.025 0.009 
A10/17 -0.004 A02/10 0.030 0.012 
A15/17 -0.009 A08/10 0.021 0.014 
A02/15 0.002 A10/94 0.077 0.020 
A10/15 -0.006 A04/10 0.010 0.029 
A10/15 -0.006 A03/10 0.013 0.030 
A15/17 -0.009 A02/02 0.012 0.031 
A05/15 0.001 A10/94 0.077 0.034 
A05/10 -0.001 A02/05 0.028 0.036 
A10/15 -0.006 A04/09 0.005 0.037 
A10/17 -0.004 A08/10 0.021 0.046 
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Table 4.6 B Genotype means and significance for two-way ANOVA best-fit model for SL = Condition + 
Genotype. Condition was significant between H (lower) and P (upper) treatments (p=0.021). Comparisons 
are significant after Bonferroni correction. 
 
Genotypelower SL Meanlower Genotypeupper SL Meanupper p-value 
A10/15 -0.034 A10/94 1.646 <0.001 
A15/17 -0.078 A10/94 1.646 <0.001 
A10/17 0.007 A10/94 1.646 <0.001 
A02/15 0.138 A10/94 1.646 <0.001 
A05/10 0.032 A10/94 1.646 0.001 
A02/03 0.291 A10/94 1.646 0.001 
A02/02 0.314 A10/94 1.646 0.001 
A03/10 0.489 A10/94 1.646 0.003 
A10/15 -0.034 A10/11 0.728 0.003 
A10/15 -0.034 A02/05 0.749 0.006 
A10/15 -0.034 A08/09 0.710 0.010 
A10/15 -0.034 A08/10 0.722 0.010 
A15/17 -0.078 A10/11 0.728 0.013 
A05/15 0.146 A10/94 1.646 0.015 
A10/15 -0.034 A02/11 0.653 0.020 
A15/17 -0.078 A02/05 0.749 0.024 
A10/17 0.007 A10/11 0.728 0.026 
A15/17 -0.078 A08/09 0.710 0.037 
A15/17 -0.078 A08/10 0.722 0.038 
A10/17 0.007 A02/05 0.749 0.045 
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Table 4.6 C Means and significance for Condition:Genotype interaction of the two-way ANOVA best-fit 
model for Survival = Condition + Genotype + Condition:Gentotype + (Trial). Conditions are represented 
by microbial exposure treatment (Tx: C, H, P or M), and (Trial) indicates that the trial variable was 












H : A02/15 6.8 2 P : A02/02 24.4 2, 3 0.001 
H : A02/15 6.8 2 P : A02/03 22.4 2, 3 0.005 
H : A02/15 6.8 2 C : A10/11 28.0 3 0.006 
H : A02/15 6.8 2 M : A02/11 28.0 3 0.006 
H : A02/15 6.8 2 M : A08/09 28.0 3 0.006 
H : A02/15 6.8 2 M : A08/10 25.3 3 0.012 
H : A02/15 6.8 2 C : A08/10 28.0 3 0.027 
H : A02/15 6.8 2 M : A04/09 28.0 3 0.030 
H : A02/15 6.8 2 M : A10/11 28.0 3 0.031 
H : A02/15 6.8 2 P : A08/10 28.0 3 0.031 
H : A02/15 6.8 2 P : A02/11 28.0 3 0.031 






Figure 4.1 Heat map illustrating effective size estimates (Wald’s Z) of OTU abundance to predict the 
presence (black) or absence (white) of MHII supertypes using a quasibinomial GLM. The 40 OTUs with 
statistically significant correlations after sequential Bonferroni corrections  within the dataset are grouped 
alphabetically by phylum, order and genus (*p<0.05, **p<0.01, ***p<0.001). Three supertypes did not 
contain alleles from wild-caught individuals (NC02 (28); NC05 (21); NC11 (18)). 
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Figure 4.2 Significant associations between gut microbial OTUs and the absence or presence of a 





Figure 4.3 Schematic for one of four closed recirculating marine aquarium systems of the described 
















Figure 4.4 Box and whisker plots for A) change in wet weight, B) change in standard length, and C) 
survival for trials 2 and 3 grouped by experimental condition: no treatment control (C; white), human-
associated microbe exposure (H; gray), pristine-associated microbe exposure (P; black), and a mixed 
exposure of H and P microbes (M; stippled). “X” symbols on the plots indicate sample means. Significant 




Figure 4.5 Box and whisker plots for A) change in wet weight, B) change in standard length, and C) 
survival for trials 2 and 3 clustered by supertype group. Treatments are identified by color: no treatment 
control (C; white), human-associated (H; gray), pristine-associated (P; black), and a mixed exposure of H 
and P microbes (M; stippled). “X” symbols on the plots indicate sample means. Significant comparisons 












 Can human activity alter the evolutionary trajectory of another species? In order to meaningfully 
contribute an answer to this question, an organism with a heritable trait residing in habitats both affected 
and unaffected by an identifiable and quantifiable human activity must be selected. As described in the 
preceding chapters, seahorse species H. abdominalis provided an excellent opportunity to investigate the 
impact of human activities, or more specifically human-derived wastewater, in a given environment at the 
individual- and population-levels. A deeper understanding of H. abdominalis migration, immune gene 
diversity and gut microbiomes, and of nearshore environmental microbial communities, allowed me to 
refine my overarching experimental question: does spatial variation in microbial communities influence 
local adaptation in the H. abdominalis model system?  
 A path to address this central question began at the species level. H. abdominalis specimens 
throughout the geographic region formed a monophyletic clade within the Hippocampus genus using the 
highly conserved cytb mitochondrial locus, and New Zealand H. abdominalis formed a monophyletic 
clade nestled within the Australian samples. Diversity at the mtCR and microsatellite loci demonstrated a 
clear distinction between Australian and New Zealand populations with ancestral connections ca. 74 Ka 
both at the northern and southern ends of the species range. A signal of isolation-by-distance was 
detected in Australia, but not in New Zealand with initial colonization from Australia to southern New 
Zealand followed by northward population expansion. H. abdominalis evolved in relative isolation 
following this initial expansion. New Zealand populations have been separated longer than Australian 
populations (32 Ka versus 9 Ka) with contemporary westward migration detected at the northern edge of 
the species range. Mapping these trends in neutral genetic variation gave me a foothold to evaluate 
genes with the potential for local adaptation to a particular environment. 
 The ideal gene of focus, MHII, as articulated in Chapter 3 encoded for specialized cell surface 
receptors that interact with extracellular microbes in a host. The MHII locus was highly diverse, more 
so than the mtCR, and comparable to the faster evolving nuclear microsatellites. Rare alleles were 
significantly less common throughout Australia, and abundant in New Zealand populations. No 
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geographic distinctions were detectable in the MHII gene network, and no signal of isolation-by-
distance was evident beyond neutral genetic variation. At the MHII locus, individuals and sites were 
significantly different from one another, but no significant differences were detected between populations 
from pre-designated environmental types or from major regions throughout the species range. Although 
these results did not entirely conform to my initial hypotheses concerning host MHII variation, I had 
nonetheless established a platform to explore environmental microbes and their spatial variation as a 
potential source of selection pressure. 
 Environmental microbial communities were discernable from H. abdominalis gut microbiomes, 
and these respective metagenomes and microbiomes did indeed differ significantly by environmental type 
as well as by site. Spatial variation with the potential to drive local adaptation was detected warranting 
further comparisons between these microbes and their H. abdominalis hosts. A number of important 
correlations were found between specific microbial OTUs and MHII alleles at the individual level within 
H. abdominalis populations. While these spatial relationships were established over a limited temporal 
period, they provided the ability to test specific microbe-host correlations in a controlled setting. 
 From correlational analyses, I identified a small selection of culturable bacterial isolates 
genetically identical at the 16S locus and functionally similar to their wild counterparts as described in 
Chapter 4. I also obtained captive breeding-age H. abdominalis genetically similar to wild hosts, but 
microbially naïve to the bacterial isolates. Supertyping analyses provided the ability to identify a parental 
generation of captive seahorse hosts with functionally similar MHII to wild individuals. Additional 
microbe-supertype correlations, identified two microbes (one human-associated and one pristine-
associated) for the exposure trials carried out in Chapter 4. 
 An F1 generation of H. abdominalis, genetically heterozygous at the MHII locus and 
functionally heterozygous by supertype based on potentially expressed cell surface receptors, were bred 
for the exposure experiments. Fry exposed to the human-associated microbe had significantly lower 
mean proxies for fitness (change in wet weight, change in standard length and survival) than fry exposed 
to the pristine-associated microbe. These fry in the human-associated exposure treatment also had lower 
change in wet weight and survival than the mixed exposure treatment group and lower survival than the 
no-exposure negative control treatment. Supertype groupings proved informative for the parental 
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generation of this experimental design, but upon final analyses, they did not allow meaningful results to 
be distinguished between subgroups of heterozygous F1 fry. For this reason, final comparative analyses 
focused on MHII genotypes in order to address experimental hypotheses. Significantly higher proxies for 
fitness were observed for one genotype in the human-associated treatment over all other treatments. A 
second genotype demonstrated significantly greater fitness in the pristine-associated treatment than the 
other three treatments. A third notable genotype demonstrated significantly lower fitness in the human-
associated treatment than the other treatments. Results from the mixed human- and pristine-associated 
treatments were highly variable ranging from lower to higher mean fitness than the other treatments. Only 
a third of the genotypes in the mixed treatment conformed to our hypothesis that this group would exhibit 
intermediate fitness means between the single microbe treatments. 
 After articulating this refining series of experimental components, I return to the central question 
posed initially. Spatial variation in microbial communities imposed by human-derived wastewater has the 
potential to influence local adaptation in H. abdominalis at the MHII locus. Microbial-host relationships 
have proven dynamic leaving the representative nearshore vertebrate, H. abdominalis, susceptible to 
selection pressures from human activities. These outcomes present a strong first pass that can easily be 
expanded on (Antwis et al. 2017). 
 Further environmental microbe and host genetic sampling will be needed to identify and define 
spatial and temporal patterns beyond the significant individual-level correlations seen here. It will be 
important to explore additional adaptive immune system loci contributing to population-level diversity and 
divergence. These data will inform subsequent rounds of laboratory experiments, and will identify 
additional target microbes to test in isolation. In order to expand the scope of these efforts, an established 
breeding program to scale up numbers of specific genotypes would increase statistical power within 
experimental designs. Genotypes from wild H. abdominalis could be incorporated into the breeding lines 
for direct microbial-genetic comparisons alongside proxy genotypes identified by supertyping. 
 Results from Chapter 4 demonstrated that mixed-microbe experimental treatments require 
additional exploration. Clearly microbial behavior can be altered as a response to the host adaptive 
immune defenses and the presence of other microbes. Special consideration of mixed-effects must be 
incorporated into these experimental designs to identify behavioral changes of each microbe and how 
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they affect the host in a community versus in isolation. As challenging as this future work may be, it is a 
critical next step to understanding the spatial variation of microbial communities in a natural setting. 
These experiments will also allow for the transition to reciprocal translocation experiments in the wild that 
will rely on ambient microbial exposure removing potential artifacts of laboratory settings (Uren Webster 
et al. 2020). Expanding translocation experiments to include multiple human- and pristine-associated 
sites can highlight the differences and similarities between human-derived wastewater inputs and their 
effect on nearshore species like H. abdominalis (Garroway & Schmidt 2020). 
 Tapping into established global networks for seahorse research and conservation will improve our 
understanding of these organisms in their natural environment, and help shape and refine future studies 
to better understand specific immunological adaptations to their local environments. This work can also 
help researchers define new aspects of conservation management to better predict how/if seahorses or 
other nearshore vertebrates will respond/adapt to changing environments under climate change and 
anthropogenic coastal expansion. Expanding our resources will provide a greater depth of understanding 
and concrete guidance for conservation and fisheries management of H. abdominalis as well as many 
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